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Kurzfassung
Das menschliche Skelett besteht aus einem dynamischen Material welches in der Lage
ist zu heilen, sowie sich durch strukturellen Umbau an mechanische Beanspruchung an-
zupassen. In dieser Arbeit ist die mechanische Regulierung dieser Prozesse untersucht
worden, die durch spezialisierte Knochenzellen ermo¨glicht werden. Hierfu¨r ist ein Com-
putermodell, sowie die dreidimensionale Abbildung des Knochens und die Auswertung
dieser Bilder benutzt worden.
An dem Heilungsprozesses von Knochen sind verschiedene Gewebetypen beteiligt. Da-
bei ha¨ngt die ra¨umliche und zeitliche Anordnung dieser Gewebe von der mechanischen
Belastung ab. Ein Computermodell, welches den vollsta¨ndigen Verlauf der Heilung be-
schreibt, wurde mit der dokumentierten Gewebeentwicklung eines Tierexperimentes an
Schafen zu verglichen. Verschiedene Hypothesen, wie die mechanische Stimulation die
Bildung verschiedene Gewebe beeinflusst, wurden getestet. Wir beobachteten, dass die
mittlere Phase des Heilungsverlaufes, in welcher Knorpel im Frakturspalt gebildet wird,
am meisten durch die mechanischen Regulation beeinflusst wird. Zwar ließen sich durch
den Vergleich mit dem Tierexperiment keine der Hypothesen verwerfen, jedoch konnten
wir Vorschla¨ge machen, worauf bei zuku¨nftigen Experimenten versta¨rkt geachtet werden
soll.
Es wird angenommen dass der Umbauprozesses des Knochens vom dichten Netzwerk der
Osteozyten mechanisch reguliert wird. Diese Zellen sind in den Knochen eingebettet und
u¨ber ein dichtes Netzwerk aus engen Kana¨len, den sogenannten Canaliculi, miteinander
verbunden. Gefa¨rbt mit Rhodamin, wurde dieses Netzwerk mittels konfokaler Mikro-
kopie dreidimensional abgebildet. Spezielle Routinen zur Auswertung der Netzwerkori-
entierung sowie dessen Dichte wurden entwickelt. Dabei haben wir uns auf strukturelle
Bausteine des Knochens, sogenannte Osteone, im Oberschenkelknochen von gesunden
Frauen mittleren Alters, konzentriert. Innerhalb dieser Osteone haben wir hohe Schwan-
kungen der Netzwerkdichte, mit ausgedehnten Bereichen ohne Netzwerk gefunden. Der
gro¨ßte Teil des Netzwerkes ist radial zum Zentrum des Osteones ausgerichtet. Dies ent-
spricht der Richtung in der Knochengewebe aufgebaut wird. Die Orientierung des zu
dieser Richtung senkrechten Anteils des Netzwerkes rotiert abha¨nging von der Posi-
tion entlang der Aufbaurichtung. Dies verdeutlicht den Zusammenhang zwischen der
Netzwerkorientierung und der Vorzugsrichtung des Kollagens, dem faserigen Bestand-
teils des Knochens. Dieses drehende Verhalten der Canaliculi entspricht dem “twisted
plywood” Modell der Orientierung des Kollagens. Allerdings zeigt die Auswertung der
Daten zusa¨tzliche strukturelle Unterschiede im Netzwerk. Zuku¨nftig sollten diese neu-
en quantitativen Beschreibungen des Osteozytennetzwerkes genutzt werden, um den
Einfluss von mechanischer Belastung, des Alters und Knochenkrankheiten auf die Ar-
chitektur des Netzwerkes zu untersuchen.
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Abstract
Our skeleton is composed of a dynamic material that is capable of healing and of adapting
to changing mechanical loads through structural remodeling by specialized bone cells.
In this thesis the mechano-regulation of these dynamic processes are addressed using
computer modeling and 3-dimensional imaging and image analysis.
During bone healing an intricate pattern of different newly formed tissues around the
fracture site can be observed that evolves in time and is influenced by the mechanical
loading. Using a computer model which is describing this temporal-spatial evolution of
tissue types for the full time-course of healing, this evolution is compared to the docu-
mented evolution of an animal experiment on sheep. Different hypotheses were tested
how the mechanical stimulation results in the formation of different tissues. We found
that the intermediate phase of healing, where cartilage forms in the fracture gap, is
strongest influenced by changes in the mechano-regulation. However, the comparison
with the outcome of the animal experiments does not allow to falsify any of the hypothe-
ses, but suggests a different design of future animal experiments.
Bone remodeling is thought to be mechano-regulated by the dense network of osteocytes.
These osteocytes are embedded in bone and are connected to each other via a network
of narrow canaliculi. The 3-dimensional structure of the network was imaged using
rhodamine staining and laser scanning confocal microscopy. Image analysis tools were
developed to determine the network topology and to analyze its density and orientation.
The analysis focused on osteons, the building blocks of cortical bone, in samples taken
from the femur of middle-age, healthy women. Within an osteon we found a large
variability of the network density with extensive regions without network. Most of the
network is oriented radially towards the center of the osteon, i.e. parallel to the direction
in which the bone material is deposited. The network perpendicular to this direction
twists when moving along the direction of bone deposition. A correlation with the main
orientation of collagen – the fibrous constituent of bone – was detected, showing that
the orientation of the canaliculi agrees with the twisted plywood model for the collagen
orientation. However, our data indicates additional structural changes in the network
alignment. In the future the new quantitative description of the osteocyte cell network
as explored in this thesis should be applied to study how mechanical loading, age and
bone diseases change the architecture of the network.
iii
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Chapter 1
Introduction
1.1 Motivation
Bone is the biggest and heaviest of all human organs with remarkable mechanical prop-
erties, e.g. its hardness. These properties have been recognized more than 40000 years
ago, when bones were used as a material to build tools and musical instruments [Zhang
et al., 1999]. The fact that such man-made objects as well as fossils endure until today
might provide the impression that bone is a very static material.
While being tough and durable, in a living system, bone shows remarkable dynamic prop-
erties. Bone is not a homogeneous material and therefore requires an elaborate growing
mechanism. Its mechanical robustness arises from an intricate hierarchical structure that
adapts to the mechanical demands on the bone [Roux, 1885; Wolff, 1893; Frost, 1988;
Weinkamer and Fratzl, 2011].
Much knowledge about the structure of the bone and its relationship to its mechanical
function is already known, but not only is it interesting how such a complex tissue can
be formed, it should also be understood that a strong and healthy bone is not to be
taken for granted. Many bone diseases exist that result in reduced bone quality [Seeman
and Delmas, 2006] that is not suited for everyday loads. The best known examples are
osteogenesis imperfecta, also termed brittle bone disease and osteoporosis. To understand
bone diseases and to find possible treatments, an improved understanding of the dynamic
processes such as bone formation as well as bone remodeling is needed.
Adaptation of bone to mechanical loads results in structures that provide great stability
while at the same time allow the weight of the bones to be minimal. Bone formation
and remodeling is therefore carefully regulated. In a regulated system, the classical
terminology is that of actuators, sensors, and controllers. In the case of bone, the
actuators are specialized cells that can build new bone (osteoblasts) and resorb bone
(osteoclasts). The sensing and control of bone remodeling is thought to occur with
embedded bone cells called osteocytes. Osteocytes are cells that live in small voids
within mineralized bone called lacunae which are connected to each other by an intricate
network of small canals called canaliculi. The network consisting of the lacunae and the
connections between them is referred to as osteocyte lacuno-canalicular network (OLCN).
The complexity of these networks suggests that a collective functioning of connected
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osteocytes might be able to have certain processing capabilities and even memory [Turner
et al., 2002]. This network is important for communication of the osteocytes with each
other as well as signaling to other cells [Dallas et al., 2013]. Additionally the OLCN has
most likely a major role in sensing deformation of the bone induced by loading [Burger
et al., 1999; Klein-Nulend et al., 2013]. In this work, the architecture of the OLCN
was studied, with special interest in how it relates to the specific bone structure and
organization built at the same time as the osteocyte network was formed.
Mechanical conditions do not only regulate bone growth and adaptation in response to
everyday loads, they also regulate bone healing after a fracture [Pauwels, 1960; Carter
et al., 1988]. It is well known that a fracture needs to be stabilized to be able to heal,
but if no load at all is allowed during healing, the healing process will be less successful.
A part on the thesis focuses on the question to what extend a local mechanical control
can regulate bone tissue development as observed during the healing process.
1.2 Studying Bones, Experimental Approaches vs.
Modeling
Material scientists do not rely only on measuring macroscopic mechanical properties such
as stiffness to analyze structures. Bone tissue material properties can be measured on
the nano to micron scale using specialized methods such as nano-indentation or scanning
acoustic microscopy (micron-scaled). In order to understand how macroscopic proper-
ties relate to nano- and microscopic properties, an understanding of the bone structure
across these length scales is necessary. Much knowledge about bone arises from structural
studies using microscopes. While light microscopy was the major tool in the 17–19th
century, in the second half of the 20th century, electron microscopy began to be heavily
used to study bone samples [Marotti, 1990]. Despite the fact that 3D imaging methods
(i.e. with computed tomography [Feldkamp et al., 1989]) have already being used to
study bone micro structure for 35 years, most descriptions of bone are based on qualita-
tive 2-dimensional (2D) observation, from which 3-dimensional (3D) interpretations can
sometimes be concluded.
A typical limitation in studying bone is that living bone cannot be directly examined,
because the bone sample must be cut. To learn about the effect of time on bone de-
velopment, or the effect of different conditions on bone within in vivo experiments,
observations have to be performed on different samples of bone, typically originating
from different donors. This does not only raise the problem of inter-individual bone
differences, but also requires meaningful quantities for statistical comparison. Some con-
clusions about the transient development of the bone formation process can be drawn
when specific markers are used in living bone. These markers are administered to the
patient or the animal and accumulate in the newly formed bone, thus providing insight
into the time development if several distinct labels are used at different time points
[Frost, 1969]. This analysis still requires the extraction of the bone from the donor so
that it may be cut and prepared for observation.
To study active processes in living tissue, especially the living cells, cell biologists perform
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in vitro experiments [Kalajzic et al., 2013]. This is a useful tool to study the response
of cells to controlled stimuli. However, how much of the cell behavior in the artificial in
vitro conditions resembles their normal functions in bone is not always clear [Marotti,
1996].
While cell biologists, biologists, biochemists, and physiologists study bone, physicists can
contribute to bone research in several specific ways:
• designing and interpreting experimental and analytical devices, e.g. for mechanical
testing or imaging and using this methodology for characterizing the bone material
• providing new ideas for a systematic visualization and quantification especially of
large 3D data sets
• modeling the time development of biological processes to learn about the regulating
processes that give rise to the observed resulting structures.
1.3 Aim of the Work
To learn about bone and its response to its mechanical environment, two different ap-
proaches were used in this thesis: on one hand a computer model of bone healing was
used to study mechano-regulation on the tissue level, on the other hand, ex vivo images
of osteocyte cell networks were examined, quantified, and analyzed.
During bone healing, new bone is formed during a relatively short time, with many
similarities with the process of ossification that occurs during skeletal growth and de-
velopment [Gerstenfeld et al., 2003; Shapiro, 2007]. The shorter time scales for bone
healing make it feasible to study the bone healing process under controlled clinical con-
ditions. The computer model used to investigate mechano-regulation of bone healing
was designed to be comparable to results from a clinical fracture healing study in sheep,
which has been performed at the Charite´ [Epari et al., 2006]. Based on the histolog-
ical data from this study, Vetter et al. [2010] concluded a “mean healing path” which
consists of 6 images showing the arrangement of tissues at six different stages of the
healing process. Using this histological data as well as material testing data (nanoinden-
tation) the spatial arrangement and the material properties of different skeletal tissues
the experimental observations can be compared with the outcome of a computer model.
Vetter et al. [2011b] further developed a lean model for bone healing that describes tissue
development as a function of mechanical stimulation. As many biological processes are
complex and finding the parameters that regulate them is very dificult, this work aimed
to use a lean model with only a few parameters and a quantitative comparison of the
spatial distribution of the time development of different skeletal tissues between in vivo
experiments and model predictions. Using suitable parameters, this model mimicked
basic features of the early healing process.
As part of this work, the bone healing model was extended to include the process of bone
resorption, which allows to model the changes in healing bone until the bone is fully
restored. Furthermore by changing the mechano-regulation of the model, hypotheses
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on how local cellular control can influence the overall tissue development were tested.
The results of the modified models were compared and the implications of the findings
are discussed with respect to how future investigations can address remaining questions.
While in this part bone cells during bone healing were treated and modeled implicitly,
in the second study, 3D images of osteocyte networks were obtained using confocal
microscopy and were analyzed with tools that were developed for this data.
Even though the importance of the OLCN is generally accepted [Aarden et al., 1994;
Bonewald, 2006], very little quantitative data describing these networks are available
[Sugawara et al., 2005; Kerschnitzki et al., 2013]. Very often, network analysis depends
on the interpretation of 2D images [Marotti et al., 1995a; Ferretti et al., 1999]. This
thesis presents a 3D study of the OLCN in human osteons within cortical bone. Osteons
represent a localized structural and functional bone unit which can be easily recognized
by light microscopy. Osteons also have a reasonably well described formation process
[Parfitt, 1994], and they provide structural elements that have been the subject of many
structural analyses [Knese et al., 1954; Skedros et al., 2011; Shahar et al., 2011].
While the 3D analysis of osteocyte networks is not novel to our institute [Kerschnitzki
et al., 2013], this work extends previous methods by correlating OLCN properties quan-
tified for the first time to the local osteonal lamellar structure that was imaged simul-
taneously. Not only could we address the question of how the orientation of the OLCN
is related to the osteonal bone tissue material that hosts these structures, but we can
quantify the OLCN and how its orientation is related to the osteonal formation process
that happens simultaneously with the construction of the OLCN [Palumbo et al., 2004].
Recognizing architectural features that arise due to limitations of the osteonal formation
process leads to hypotheses describing how the OLCN is adapted to certain functions
within osteons. Besides the use of algorithms that were developed in our department to
skeletonize 3D image data of the connection between osteocytes which allows a compre-
hensive analysis of the network, in this work, a computational framework was developed
to process 3D confocal images of the OLCN and the lamellar structures. Many novel
descriptors of the osteocyte network were then computed and visualized.
1.4 Structure of this Work
Chapter 2 aims to introduce the reader to the terminology as well as the current un-
derstanding of the topics related to this work and highlights open questions about bone
healing, OLCNs and osteons in order to associate the results of the two studies with
the current research. A brief overview on the structural features of bone will provide a
contextual perspective of osteons and how they are formed. To be able to discuss the ori-
entation of the osteocyte network with respect to the surrounding extracellular matrix,
several published descriptions regarding the collagen arrangement are presented. While
the collagen orientation within the lamellae has been the subject of many studies, no
simple model describes all of the observed features. Not only are the details of the lamel-
lar bone structure unsolved, it also remains unclear how much these lamellar patterns
are arranged by the cells that formed the lamellar bone. Since both, lamellae as well as
osteocytes, are easily observed with optical microscopes many fundamental observations
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date back more than 100 years ago. Therefore this chapter reviews several publications
from the last two centuries. As recent reviews summarize proposed functions of the
osteocyte network [Bonewald, 2011; Schaffler et al., 2014], only the basic ideas are de-
scribed. The description of bone healing is limited to the minimum background material
necessary to understand the context of the model used, as our perspective on this subject
has been explained previously [Vetter, 2010].
Both topics of the work: healing (Chapter 3) and on osteocyte networks (Chapter 4) each
include seperated sections on methods, results and discussion. Chapter 3 is based on a
manuscript submitted to “Medical & Biological Engineering & Computing”. Besides the
study of the healing process to a point where conditions before the fracture are restored,
three different hypotheses on the mechano-regulation are tested and the effects on the
healing process are compared after free parameters in the model are adjusted. Chapter
4 describes all the steps performed to obtain quantitative descriptions from images of
the OLCN, as well as on the images containing the information of lamellar organization.
The analysis can be separated into three different topics. The first topic is the study
of inhomogeneities of OLCN density, especially with respect to the direction in which
the network was constructed. Second, the orientation of the OLCN is analyzed and
compared to the structure of the osteon. In the last topic, relationships between the
lamellar arrangement and the arrangement of the cell network are examined.
5

Chapter 2
Background
Bones, like any other organ, cannot be understood completely when studied isolated from
the living body, as there is a complex interaction of the bone with the organism, and
the organism’s environment. The function of bone is not purely limited to mechanical
roles, such as protecting soft organs, or transmitting forces and sound, but bone is also
essential for the synthesis of blood∗ and has an important role in metabolism e.g. as
storage for calcium and phosphorus, as summarized in the top level of Figure 2.1 which
visualizes the topics of this chapter and their relation. While these metabolic
and synthetic functions are important, many of the structural features of bone can be
explained by the structural adaptation to mechanical needs and the loading conditions
present in bone. How the dynamic changes in these structural features are regulated
by the mechanical conditions is the focus of this work. Bone is composed of cells, and
inorganic and organic materials. The material itself is composed of collagen fibers, non-
collagenous proteins, and a mineral of calcium phosphate (apatite) (left-hand side of
Figure 2.1). This mineralized extracellular matrix (ECM) is most important for the
material properties of bone. The cells within bone on the other hand are not only
important for the metabolic functions but also make bone a dynamic material (right-
hand side of Figure 2.1). The most important cells in bone are osteoblasts that build
new bone material, osteoclasts which resorb bone and, embedded in the bone matrix,
are osteocytes which control the activity of the two other cell types.
An important aim of our research group is to learn more about the role of cells in
controlling the dynamic processes in bone, in particular the mechano-regulation of these
processes. Unfortunately the effects of such dynamic processes on bone cannot be easily
studied in real time. Another complication of studying dynamic processes in bone is
that the details of the static, ex vivo bone structure are only partly understood. This
chapter provides background information about bone structure and function at different
length scales in order to provide the context for our novel observations, and describe
which research frontiers could benefit from our results. Figure 2.1 shows the relationships
between the different topics of this thesis, with the key subjects of this chapter highlighted
in red, and the aspects which are a minor focus of this thesis highlighted in blue.
The most abundant type of cells within bone are osteocytes. Osteocytes originate from
∗This happens in the bone marrow.
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osteoblasts, which are bone cells synthesizing collagen for new ECM formation. During
the ECM production process, some of the osteoblast cells become embedded within the
newly-forming ECM. Once embedded, these cells are called osteocytes (Section 2.2).
Within the ECM, osteocytes are connected to each other through canaliculi, forming
an extensive cellular network. Many functions (Section 2.2.1) of osteocytes and their
network have been proposed, assigning them a major role in bone. In particular, they
are thought to play a key role in coordinating dynamic bone processes.
In a continious process called remodeling, bone cells called osteoclasts locally resorb old
bone, and osteoblasts rebuild new bone (Section 2.1.1). A typical organized bone sub-
structure arising from this remodeling process is an osteon. One part of this thesis deals
with the analysis of the osteocyte network architecture within such osteons. Osteons are
composed of structural subfeatures which are circular layers of ECM arranged like the
annual rings of wood; these rings are called lamellae (Section 2.1.2). Osteocyte network
properties are related to the lamellar structure, as well to the osteonal formation process
(Section 2.2.2). Lamellae, which are an ordered motif of osteonal collagen, are on the
same length scale as osteocytes, and can be visualized with optical techniques.
2.0.1 Hierarchical Structure of Bone
The organization of collagen on the micrometer scale is only one of several levels of a
hierarchical structure that have an effect on the mechanical properties of the bone [Rho
et al., 1998; Weiner and Wagner, 1998; Fratzl and Weinkamer, 2007; Reznikov et al.,
2014a]. At larger length scales, the shapes of bones differ significantly. These differences
can be related to the different mechanical functions of the bones. For example, the
skull is composed of flat bones that protect the sensitive brain, and the vertebrae allow
complex movements while protecting the spinal cord. The bones that were studied in
this work are long bones in particular femur and tibia. These bones carry most of the
body’s weight, and must withstand the large forces experienced during movement.
Bones are composed of regions that can be classified as either spongy/trabecular bone,
which has many voids on the mm scale, or compact/cortical bone, which is much denser
and only has pores on the µm scale. The bone type studied in this work is compact
bone, and the investigation of this work focuses on its pores. Long bones (Figure 2.2) are
composed mostly of compact bone, which is also referred to as cortex. The ends of long
bones contain trabecular bone, but these regions are not part of this study. The cortex
of adult human long bone consists almost completely of lamellar bone. Depending on the
cortex formation process, different micro-structural patterns arise. In this thesis we study
cylindrical structures called secondary osteons which are formed by bone remodeling, i.e.
the replacement of older bone tissue by new bone (Section 2.1.1)∗.
∗Opposed to secondary osteons, primary osteons are not the result of a remodeling process but are
present in primary bone. Following the definition of Marotti [1996], primary bone consist of mineralized
cartilage, minor amounts of disorganized (also called “woven”) bone, as well as primary osteons which
were build into cavities within these other structures. Another structure within primary bone are
circumferential lamellae, which are parallel to the outer surface of the cortex and are formed during
radial growth of the bone. Secondary osteons can be identified by the patterns of the lamellae and the
degree of mineralization, which arise from the replacement of bone during the remodeling (e.g. secondary
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The ends of long bones, called the epiphyses, are filled with trabecular bone, while the
shaft in the middle of the bone, called the diaphysis, contains almost no trabeculae.
Both, diaphysis and epiphysis are filled with bone marrow responsible for blood cell
production. The outer surface of bone is covered with a cellular connective tissue called
periosteum. The periosteum is not only important for bone growth, but also essential
for bone healing [Gerstenfeld et al., 2003] (Section 2.3), as it is a source for progenitor
and stem cells that can differentiate into different cell types promoting healing. All of
the bone, even the dense cortex is highly vascularized.
Figure 2.2: Structure of a long bone. While the epiphysis consists mostly of trabecular bone,
the diaphysis is composed of cortical bone. Cortical bone is relatively dense, with some voids
for blood vessels (Haversian canal) to supply the cells embedded within the bone (osteocytes).
In the diaphysis, the medullary cavity is filled with bone marrow. Adapted from Bao et al.
[2013], Figure 1, licensed under Creative Commons Attribution 3.0 [2007]
Bone ECM is produced by osteoblasts, which first produce the collagenous matrix (os-
teoid) that mineralizes by incorporating apatite crystals at a later time point. The
organic component of the ECM matrix consists mainly of type I collagen, which is a
chainlike protein that forms a triple helix. Many collagen molecules align parallel with
respect to each other, forming collagen fibrils. Opposed to the classification of bone
according to its porosity, bone can also be classified in terms of its organization of col-
lagen on a (sub-)micron-scale. Woven bone is composed of a disorganized extracellular
collagen matrix, while lamellar bone contains collagen that is arranged in layers. Within
these layers, the fibrils form bundles that are called collagen fibers. While woven bone is
mechanically weaker than lamellar bone, it is formed more rapidly than lamellar bone.
osteons overlap with older osteons) as well as the presence of a cement line (Section 2.1.1). In the rest
of the work primary and secondary osteons will not be explicitly distinguished but we typically refer to
secondary osteons as they are more frequent in adult bone.
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Woven bone is often produced first, in order to create a scaffold for the production of
the more robust lamellar bone [Ferretti et al., 2002; Liu et al., 2010]. How the collagen
gets aligned during the bone formation process, and in particular how this process is
influenced by the mechanics, remains an open question.
Although the collagen orientation in woven and lamellar bone differ, both bone types
are stiff because the collagen, which is a relatively ductile material, is mineralized [Ja¨ger
and Fratzl, 2000]. The mineral in bone is carbonated apatite [de Jong, 1926]. Bone
mineral is reported to be located in gap regions within collagen fibrils, as well as along
the surface of collagen fibrils [Weiner and Traub, 1986; Landis et al., 1996b; McNally
et al., 2012]. Bone mineral composition and shape is not the focus of this work, but it
should be stated that these properties change with time. The potential role of osteocytes
in affecting bone mineral will be discussed in Section 2.2.1.
Besides the dynamic changes in bone mineral composition and structure, there are several
processes through which the structure of bone changes on larger length scales.
2.1 Bone as Dynamic Material
Bone is a dynamic material with a constantly changing structure on many length scales.
Bone is known to adapt to meet its mechanical property requirements [Wolff, 1893; Frost,
1988; Weinkamer and Fratzl, 2011]. These adaptation processes even continue after the
growth of the bone has terminated. Historically, two processes have been distinguished:
bone modeling and bone remodeling. During modeling, bone is resorbed at some loca-
tions, and build up at others. Through this sculpting process, trabecular bone densities
and orientations adjust to current bone loading conditions [Saparin et al., 2011] and
cortical thickness can be increased as consequence of intensive loading [Haapasalo et al.,
1996; Heinonen et al., 2001]. Modeling is the process through which structural adap-
tation of bone is made. During remodeling, bone is locally resorbed, and the void
is replaced with new bone. While the “external” structure is virtually unchanged, the
collagen in the new bone may have a different fibrillar orientation. This different col-
lagen fibril orientation changes the local bone material properties in order to adapt to
the present mechanical conditions. It has also been proposed that remodeling targets
bone which has suffered micro-damage due to repetitive loading [Burr, 1993]. Remodel-
ing micro-damaged bone could minimize the risk of fatigue fracture (see Section 2.2.1).
Both modeling and remodeling processes are used during healing of a bone fracture. The
process of bone healing is described in Section 2.3.
2.1.1 Cortical Bone Remodeling
In most mammals, and some other vertebrates with long life spans, cortical bone remod-
eling can be observed by the patterns produced by the successive replacement of bone.
Bone remodeling proceeds in a way that is similar to the digging of a long tunnel and
successive re-filling of the produced cavity. The digging is performed by specialized cells
called osteoclasts which are followed by osteoblasts that fill the tunnel with new bone.
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This process results in the formation of a new osteon (Figure 2.2). The term “basic
multicellular units” (BMU) [Frost, 1963] has been used to denote the interplay between
the osteoclasts that resorb bone by advancing a “cutting cone” and the osteoblasts that
fill the cavity by means of a “closing cone” (see Figure 2.3).
reversal closing cone 
forming resorption cavity forming haversian system 
reversal resorption mineralization 
formation quiescence 
Figure 2.3: Formation of an osteon. The upper part of the image shows a section parallel
to the long axis of an osteon, the lower sequence shows transverse sections at the indicated
positions. New cortical bone formation starts with the resorption phase. Osteoclasts resorb
bone, excavating a tunnel through the ECM. Osteoblasts migrate behind the osteoclasts, along
the new tunnel surface. After a reversal phase, which results in the appearance of a cement
line, osteoblasts begin to fill the cavity with osteoid. Some of the osteoblasts become embedded
within the new osteoid, and later become osteocytes, within the new osteon. Figure from
Kerschnitzki [2013] with kind permission from the autor.
The formation of a new osteon by the process of bone remodeling can be divided into
more detailed, partly overlapping phases [Frost, 1963; Van et al., 1982]: activation,
resorption, reversal, formation, mineralization, and quiescence, as shown in Figure 2.3.
After selection of a target area for remodeling, osteoclast precursor cells are recruited
[Vaes, 1988]. During activation, the precursor cells arrive via the vascular system, and
differentiate into osteoclasts [Boyle et al., 2003]. Resorption takes place as mineral is
dissolved in an acidic micro-environment generated by the osteoclasts where they are
attached to the bone. After mineral dissolution, the collagenous matrix is degraded by
enzymes [Teitelbaum, 2000]. During the reversal phase, the newly formed bone surface
is smoothed, and a non-fibrous substance is deposited on the surface [Parfitt, 1984]
resulting in a highly mineralized feature referred to as cement line [Skedros et al., 2005].
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Osteoblasts (for a review see [Neve et al., 2011]) fill the resorption cavity during the
formation phase. During this process, some of the osteoblasts cease producing collagen,
and become embedded within the newly-formed osteoid, where they later differentiate
into osteocytes (see Section 2.2). Mineralization of the extracellular matrix begins 2–3
days after osteoid formation, and occurs in two phases: crystal nucleation and crystal
growth [Ascenzi et al., 1965]. The detailed nucleation and growth processes are not yet
understood, but nucleation is reported to be initiated by vesicles that originate from the
osteoblasts [Mahamid et al., 2011]. Mineral crystal growth is thought to proceed because
bone fluid is supersaturated with calcium and phosphate [Anderson, 1981; Omelon et al.,
2013].
As the internal bone surface area decreases with reducing cavity radius, approximately
60% of the osteoblastic population are thought to undergo apoptosis [Jilka et al., 1998].
The quiescence phase completes the remodeling cycle. In this phase, the remaining
osteoblasts within the cavity become bone lining cells [Miller and Jee, 1987]. These
bone lining cells cover the inner surface area of the tubular cavity. As bone remodeling
progresses, a new blood vessel grows within the tubular cavity called Haversian canal.
The final result of cortical remodeling is a new osteon.
The control mechanisms of the activation and the successive stages of bone remodeling
are only partly understood [Jaworski, 1984]. Osteocytes are thought to play an important
rule in controlling the key steps of the remodeling process (see Section 2.2.1), but direct in
vivo experimental evidence is difficult to obtain. One experimental method for studying
the dynamics of bone formation within the osteon uses fluorescent double labels. With
this technique, fluorescent labels are injected into a living animal at two different time
points. The labels attach to the mineral of newly formed bone [Frost, 1969]. Using this
method, the matrix apposition rate, defined as the thickness of newly mineralized bone
within a certain time interval can be measured. The matrix apposition rate was found to
decrease exponentially on a timescale of 10–28 days [Martin, 2000]. The BMU tunnels
through approximately 2–6 mm of cortical bone [Parfitt, 1983] with a characteristic speed
of 20–40 µm/day [Parfitt, 1994]. The BMU terminates after typically 6–12 months by
fusing with another osteon.
2.1.2 Structure of the Osteon and Lamellar Arrangement of
Collagen
As a result of their formation process, osteons have a cylindrical shape, with a typical
diameter of 150–300 µm [Britz et al., 2009]. However, deviations from the cylindrical
shape are also observed [Knese et al., 1954]. Osteons are well-aligned (inclination angle
< 15◦) with the main axis of the principal stress component in the cortical bone [Herˇt
et al., 1994]. Their spatial arrangement appears to enable an efficient supply of nutrients
from the blood vessel in the center of the osteon to the cells in the surrounding bone
tissue [Shahar et al., 2011].
Havers [1691] observed not only the canal-like bone structures that house the blood
vessels within bone (now called Haversian canal), but he also observed concentric bone
rings around each blood vessel. These rings, called lamellae, have an average thickness of
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4–6 µm [Pazzaglia et al., 2011]∗. Lamellae can be observed with many different methods:
reflection microscopy with a polished sample, polarized light microscopy (Figure 2.4(b)),
scanning and transmission electron microscopy (SEM, TEM) (Figure 2.4(a)), acoustic
microscopy, and others.
(a) Scanning electron microscopy (b) Polarized light microscopy
Figure 2.4: Lamellar substructure of an osteon: (a) electron backscattered image of a polished
bone sample measured by scanning electron microscopy (SEM). (b) on the right an image of the
same sample taken with polarized light and linear polarizing filters crossed orthogonally. Due
to the birefringence of collagen, the polarization of the light is rotated if collagen is aligned in
the plane of the image and, therefore, such a region appears bright in the image. The dark cross
in the image arises when one of the polarizers is parallel with the preferred collagen orientation.
The general interpretation of these observed lamellar rings is that collagen arrange-
ment varies between different lamellae. However, it is surprising that, while quite
detailed descriptions of fibrillar arrangements were reported more than 100 years ago
[Ko¨lliker, 1859; Ebner, 1887; Gebhardt, 1905], there is still no general agreement on how
to interpret the observed image contrasts. Therefore there is also no current agreement
on how to define a lamella, and how the collagen is arranged [Marotti et al., 2013].
It is agreed that collagen molecules form fibrils with a diameter of roughly 100 nm [Landis
et al., 1996a] in a highly ordered organization. These fibrils aggregate to form fibers or
fiber bundles with diameter ranging from less than 1µm to a few µm [Reznikov et al.,
2014a]. In many cases a predominant orientation of collagen fibrils within a lamella can
be observed, as presented in Figure 2.5. The simplified picture of parallel collagenous
fibers, described in 1859 by Ko¨lliker [1859], remains a frequently used description, even
though it was already corrected in 1875 [Ebner, 1875]. Modern imaging techniques verify
early observations by light microscopy [Ebner, 1875; Weidenreich, 1923] that instead of
an arrangement of parallel collagen fibers, the collagen arrangement appears as fibrils
assembled into interwoven mats, with rhombus-like holes (Figure 2.6).
∗In this case the thickness refers to the distance of similar appearing rings. Often in literature the
thickness of different appearing rings are listed separately.
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Figure 2.5: Two bone
lamellae within a cutting
cone of a forming osteon, im-
aged with SEM. Local re-
sorption of osteoclasts ex-
poses a lamella (right of
the bright vertical feature)
which is partly covered by
a lamella which is not re-
sorbed (left). Different pre-
dominant orientations of the
fibrillar collagen matrix can
be recognized (indicated by
yellow arrows). From [Paz-
zaglia et al., 2011], Figure
4(c), with kind permission
from Springer Science and
Business Media.
Figure 2.6: Collagen fib-
rils within the surface of a
lamella lining the outside of
a Haversian canal. Colla-
gen fibrils form an interwo-
ven mat, where the holes on
this surface (diameter 0.1–
0.5 µm) are the ends of
canaliculi that are filled by
cell processes of osteocytes
in living bone. In this im-
age it is difficult to identify
a preferred orientation of the
collagen arrangement on a
larger length scale. From
Marotti [1993], Figure 5(a)
with kind permission from
Springer Science and Busi-
ness Media
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There are different explanations of the strong contrast observed with polarized light
microscopy, which give rise to the alternating pattern of dark and bright lamellae (Figure
2.4(b)). The standard textbook explanation is that this pattern is due to different
orientations of collagen in dark and bright lamellae. Due to the birefringence of collagen,
bright lamellae are interpreted as regions where collagen fibers are oriented in the plane
of the image, while dark regions have a collagen fiber orientation that is perpendicular
to the image plane. Comparison of observations by polarized light and SEM agree with
this description [Reid, 1986]. An alternative model argues that the observed contrast
between lamellae is due to different collagen densities, or the degree of order between
lamellae. In the following, evidence for both explanations is presented, first for the
collagen orientation model and then for the density/order model.
The interpretation of distinct lamellae as distinct layers as in plywood is considered
to be an over-simplification. While some models describe lamellae as structural elements
with a common collagen orientation, there is evidence that in some cases, instead of
a stepwise change between lamellae, as observed i.e. in commercial plywood, collagen
orientation changes in a continuous fashion [Ascenzi and Benvenuti, 1986; Giraud-Guille,
1988; Weiner et al., 1997]. In this model, which is referred to as the twisted plywood
model, collagen is arranged in sheets called sublamellae that change orientation in a
cholesteric manner. This model was based on features observed in 2D SEM and TEM
images. Using the fact that the long axis of bone minerals are aligned parallel to the
long axis of collagen fibers [Robinson and Watson, 1952; Landis et al., 1996a; Jaschouz
et al., 2003]), Wagermaier et al. [2006] measured collagen orientation, interpreting x-
ray diffraction patterns that were obtained under several angles. The X-ray scattering
measurements indicated a continuous change in orientation within lamellae, but with
sudden jumps of the orientation angle between different lamellae.
While these descriptions of collagen orientation being constant within the sheet which
defines a sublamella provide the most accepted current model of collagen orientation,
some observations [Pannarale et al., 1994; Boyde and Hobdell, 1968; Ascenzi and Lo-
movtsev, 2006] report that the main collagen orientation is only defined locally, and
varies within one sublamella. Additionally a small fraction of fibrils were observed to
run perpendicular to this sheet [Marotti et al., 2013; Reznikov et al., 2014a]. These
reports suggest that the subject of collagen orientation within lamellae is complex and
raise the question what defines a lamella.
As an alternative explanation for the contrast observed in polarized light images of differ-
ent lamellae, several researchers proposed structural differences between lamellae
in terms of density and order. Ranvier [1889]; Ziegler [1906]; Ruth [1947]; Rouiller et al.
[1952] claimed that the ratio of collagen to mineral content is different in dark and bright
lamellae. Recent measurements using spatially resolved Raman spectroscopy could not
verify such differences in densities [Schrof et al., 2014]. Marotti [1993] became the most
active supporter of this explanation after his collagen orientation observations on edges
of prismatic samples. These samples were thick sections with a 90◦ edge that he studied
at a 45◦ angle using SEM. He noted that the lamellar structure did not change dependent
orientation to the sample surface. Based on the observations that cells (i.e. more precisely
the lacunae, which are occupied by osteocytes) were observed only in collagen-poor dark
lamellae. Marotti introduced the following distinction: “loose cellular” lamellae corre-
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sponding to the dark lamellae, and “dense acellular” lamellae corresponding to the bright
ones. He published further support of this model that included functional considerations
[Marotti, 1996; Marotti et al., 2013].
The observation of lamellae not changing appearance on the edge of a prismatic sample
and osteocytes being present only in loose lamellae was criticized by Yamamoto et al.
[2000] who provided examples that this is not always the case. However, recent ob-
servations using 3D imaging methods indicate that the dissent between the apparently
contradictory models arises because more than one property is not constant in osteonal
bone: SEM imaging of cortical bone samples sectioned with Focused Ion Beam (FIB)
milling, which removes a 10 nm layer of bone before imaging the next layer [Reznikov
et al., 2013] observed three types of patterns in rat bone lamellae: regions that agree
with the rotated plywood model (fanning sublamellae), regions with constant orientation
(unidirectional sublamellae) as well as regions with hardly any discernible order (disor-
dered sublamellae). The same type of structural motives were also found in a human
osteon using the same FIB/SEM combination method [Reznikov et al., 2014b] as well
as synchrotron X-ray phase nano-tomography [Varga et al., 2013]. Therefore the the
interpretations of lamellae obviously depends strongly on which individual osteon is im-
aged, and also what sample preparation method is used [Yamamoto et al., 2000]. The
description of Reznikov et al. [2014b] that human lamellar bone is made of two distinct
matrix materials, with differing arrangement of the mineral particles with respect to the
collagen fibrils∗ echoes the description of different ECM materials in “loose” and “dense”
lamellae Marotti [1996].
The difficulty in formulating a general description of how the collagen matrix is arranged
within osteons might be related to the observation of different types of osteons.
Gebhardt [1905] described tissue orientations within osteons (Figure 2.7), and classified
them in three different groups (well aware that there are many more patterns): dark,
bright, and alternating osteons corresponding to their appearance using polarized light
microscopy. As the name indicates, bright osteons appear almost homogeneously bright
in the polarized light microscope and, analogous, for dark osteons. It is not always
clear which type of osteon is used when descriptions of the lamellae are reported in the
literature. Applying the collagen orientation model, the interpretation of this different
appearance is that the predominant collagen orientation is either longitudinal, transverse
or alternating with respect to the long axis of the osteon [Ascenzi and Bonucci, 1968].
Not only the alternating osteons, which will be analyzed in this thesis, have lamellar
features: e.g. in dark osteons the main collagen orientation was observed to oscillate in
a steep angle with respect to the long axis [Gebhardt, 1905]. Martin et al. [1996a] added
“hooped” osteon to the list, i.e. osteons with a dark center, but a bright ring around the
dark center. Skedros et al. [2011] extended this osteonal classification scheme by intro-
ducing a scoring system consisting of 12 morphotypes that illustrate the “individuality”
of osteons, and therefore highlighting the difficulty in producing a general description of
their substructure.
When Gebhardt [1905] proposed the plywood structure of the osteon, he also inter-
∗The discussion if minerals are located within the collagen fibrils or around them is as old as the
discussion about the differences between lamellae ([Ko¨lliker and Ebner, 1889; Ebner, 1887]).
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Figure 2.7: Description of
the osteons with different
angles of collagen fiber ori-
entation with respect to the
long axis of the osteon [Geb-
hardt, 1905].
preted the three different classes of osteons in terms of mechanical properties. Me-
chanical testing has demonstrated that different lamellar patterns can be related to dif-
ferent material properties [Ascenzi and Bonucci, 1976]. For example, bright and alternate
osteons exhibited a higher ultimate tensile strength than dark osteons.
Several studies demonstrated that in regions where high compressive loads are dominant,
the collagen matrix tends to be oriented perpendicular to the direction of the force. In
contrast, bone regions that experience typically tensile strains demonstrate a collagen
orientation that is preferably parallel to the stress axis [Boyde and Riggs, 1990; Riggs
et al., 1993; Skedros et al., 1996, 2009; Martin et al., 1996a]. A higher elastic modulus
and fracture toughness under 4-point bending was also correlated to bone samples with a
higher concentration of dark osteons [Martin et al., 1996b]. In addition, in cortical bone
samples that typically contain only a few osteons, such as goat leg bone, more osteons
were found in regions that experience predominantly compressive loads [Mayya et al.,
2013]. These observations suggest an influence of mechanical stimuli on the formation
of new osteons.
The question remains: how does the lamellar pattern in osteons arise during the
formation process? The two main hypotheses are that either the osteoblasts are
actively involved in collagen orientation, or that collagen self-assembly is sufficient to
arrange the collagen orientation [Giraud-Guille et al., 2003; Giraud Guille et al., 2005].
Gegenbaur [1864] and Waldeyer [1865] (cited in Knese and Harnack [1962]) suggested
that lamellae are formed due do a rhythmic activity of the osteoblasts, where each cycle
produces one lamella. This hypothesis has been recently revisited by Pazzaglia et al.
[2010]. Marotti [1996] remarked similarities between the formation of collagen dense
lamellae with cell rich lamellae with the process of lamellar bone being formed on top of
woven bone, which has also a high osteocyte density (Section 2.0.1, 2.2.2). He further
discussed how a coordination of the bone deposition within the dense lamellae could be
dependent on the control of the osteocytes located in the loose lamellae.
Jones et al. [1975] showed that the orientation of elongated osteoblasts is correlated with
the fiber organization of the underlying collagen, but it is not known if the osteoblasts
create the underlying collagen fiber organization, or if the osteoblast align along an
orientation which is already present. Yamamoto et al. [2012] and Pazzaglia et al. [2011]
discuss how osteoblasts arrange collagen fibers by a collective movement; when they
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change migration directions, they create the twisted plywood pattern. What makes the
arrangement of collagen fiber by the cells very interesting is that the direct influence
of the cells on the orientation of the collagen could explain the correlation with the
directions of applied stress. This type of mechano-regulation during osteon formation
requires a sensing of mechanical stimuli. The most prominent candidates for this task
are the osteocytes.
2.2 Osteocytes
As described in Section 2.1.1, when osteoblasts are embedded within the extracellu-
lar matrix produced during bone formation, they differentiate and become osteocytes
(details of the differentiation process will be described in Section 2.2.2.1). Osteocytes
outnumber all other cells in bone, with approximately 20000–70000 osteocytes per mm3
of cortical bone [Dong et al., 2014; Hannah et al., 2010]. Their life expectancy, estimated
to be up to 25 years, is very long among cell types [Frost, 1963]. Osteocytes can easily
be identified in thin sections of bone by using light microscopy (Figure 2.8(a)). Strictly
speaking, most imaging techniques do not show the cells themselves, but the voids in
which the cells are located. These voids in which the osteocytes reside are called lacu-
nae (Figure 2.8(b)). The shapes of the osteocyte lacunae depend on the type of bone
(lamellar or woven), and the bone formation process (Section 2.2.2). We focused our
work on lamellar bone in which lacunae appear almond-shaped; the principal axis of the
osteocyte lacunae are 18 µm, 9 µm and 5 µm on average [Dong et al., 2014].
(a) Light microscopy of an osteon with osteo-
cytes
(b) SEM of an osteocyte within its lacuna
Figure 2.8: (a) Osteocyte lacunae within an osteon can be easily identified as small dark
spots by using light microscopy. (b) An osteocyte within its lacuna, imaged in a fractured bone
sample using SEM. Arrows indicate the cell processes within the canaliculi which ruptured due
to a shrinkage of the cell during sample preparation. Subfigure (b) is reprinted from Pazzaglia
et al. [2010], Figure 6, with kind permission from Springer Science and Business Media.
The most remarkable feature of osteocytes is the extensive network that they form,
extending long cell processes called dendrites through the mineralized ECM to connect
with other osteocytes. These dendrites also connect to cells residing at the bone surface,
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which are the active osteoblasts as well as the quiescent bone lining cells. The network
between the osteocytes is composed of narrow canals (canaliculi) in which the osteocyte
dendrites are housed. Similar to the osteocytes, the network can be observed more
easily by imaging the canaliculi instead of the dendrites within them. The diameter of
the canaliculi is about 150–550 nm [Marotti, 1990; You et al., 2004] and the diameter
of the dendrites is roughly 100 nm [You et al., 2004]. This network comprising both
lacunae and canaliculi is termed osteocyte lacuno-canalicular network (OLCN).
Its architecture is a major subject of this work.
It has been shown that gap junctions exist between dendrites of neighboring osteocytes,
as well as between osteocytes and osteoblasts on the bone surface [Doty, 1981; Palumbo
et al., 1990a]. The extensive osteocyte network thus has certain similarities with those of
neuronal networks, and the functional syncytium of astrocytes [Bonewald, 2005]. This
connectivity also suggests an important role in several dynamic bone processes.
From a historical perspective, when the lacunae where first observed [Deutsch, 1834;
Miescher and Mu¨ller, 1836] they were thought to contain most of the the bone mineral,
and give rise to the white color of bone∗. It did not take long until Bruns [1841] suggested
that these the OLCN forms a porous network and can therefore be used to distribute
fluids through the network.
2.2.1 Function of Osteocytes and the Osteocyte Network
As osteocytes are embedded into the mineralized bone matrix, it is difficult to observe
them directly, in order to study their function. While the detailed function of the os-
teocytes and the role of the network is not completely understood, as mentioned in the
previous section, the dense network and the long osteocyte life expectancy suggests an
important role in dynamic bone processes including mineral homeostasis, repair of fatigue
damage, as well as bone adaptation to external forces [Schaffler et al., 2014]. Additional
support for these functions comes from several in vitro studies in which osteocyte-like
cells respond to mechanical stimulation [Taylor et al., 2007; Adachi et al., 2009]. In
similar studies, several signaling pathways have been identified which enable the con-
trol of osteoblasts and osteoclasts during the process of bone remodeling (see reviews
of Bonewald [2007] and Atkins and Findlay [2012]). As osteocytes are located within
mineralized bone tissue, the osteocyte network is the only connection from the osteocyte
to the blood vessel in the middle of the osteon, and therefore determines endocrine† sig-
naling and nutrition supply of the osteocyte [Arnold et al., 1971; Knothe Tate, 2003]. In
addition to biochemical signaling through the OLCN, it was suggested that communica-
tion between osteocytes via gap junctions allows certain processing capabilities, as well
as memory [Turner et al., 2002]. The challenges in directly observing the function of the
in vivo osteocyte makes it difficult to determine how much the osteocyte network plays
a role in the osteocyte function, and/or if osteocytes act on their own. In the following,
∗This was due to the contrast observed by light microscopy with respect to the clear appearance of
thin polished bone (Figure 2.8(a), [Mu¨ller, 1836]).
†Endocrine signals are hormones transmitted via the circulatory system typically secreted by special-
ized glands. In contrast the local signaling between osteocytes, osteoblasts, and osteoclasts is referred
to as paracrine signaling.
20
Background
the most actively discussed functions of the osteocyte network are summarized.
The locations where bone remodeling occurs through active BMU’s may depend on the
degree of fatigue damage in that volume of bone [Martin and Burr, 1982; Burr, 1993;
Verborgt et al., 2000]. Fatigue damage of bone results from repetitive loading during
daily activities. This repeated loading leads to micro-cracks that could result in the
disruption of osteocyte processes and in osteocyte death. Consequently, after osteocyte
death, the lacuna and surrounding canaliculi close due to mineralization: a process
named micropetrosis [Frost, 1960]. Osteocyte death is hypothesized to affect the balance
of hormones that control osteoblast, and therefore could explain the initialization of
bone remodeling [Kennedy et al., 2012]. While this proposed regulation of BMU activity
assigns the ability of osteocytes to influence bone remodeling, the adaptation of bone to
mechanical stimuli calls for a more elaborate control mechanism than osteocyte death.
Many types of cells, not only osteocytes, have been shown to be mechanosensitive. How-
ever, the experimentally observed strain levels that results in a cellular response to
mechanical stimulation were often magnitudes higher than the strains expected in bone
under loading from daily activities [Thompson et al., 2012]. Both the osteocyte location
within the bone and the structure of the osteocyte network make them candidates for
a major role in mechanotransduction (i.e. the translation of a mechanical force ex-
perienced by a tissue to a chemical signal produced by cells within that tissue [Burger
et al., 1999]). A possible mechanism for sensing of tissue deformation is cellular sensing
of fluid flows induced by the deformation. Since the Harversian canals have a much
larger diameter than the canaliculi, pressures in the Haversian canals are much more
rapidly equalized than within the canaliculi, resulting in a pressure gradient between the
Haversian canal and the OLCN [Knothe Tate, 2003; Cowin et al., 2009]. Simulations
have shown that the expected flow rates within canaliculi are comparable to flows that
resulted in cellular responses in in vitro experiments [You et al., 2000]. Several sensors
within the osteocyte cytoskeleton and membrane have been proposed to detect bone
tissue strains. However, neither the precise mechanism for sensing strain, nor how this
signal is communicated to osteoblast and osteoclasts is well understood [Wang et al.,
2007]. Besides the magnitude of tissue deformation, the frequency and duration of ap-
plied loads influences the osteocyte response [Rubin and McLeod, 1994; Qin et al., 1998;
Case et al., 2011].
Osteocytes have also been proposed to control osteoblasts during bone formation
as they close the tunnel of forming osteons (Figure 2.3) [Marotti, 2000; Martin, 2000]. It
has been suggested that the observed decreases in rate of bone formation (Section 2.1.1) is
a result of osteocytes secreting sclerostin which is a negative regulator of bone formation
[Bezooijen et al., 2005; Bonewald and Johnson, 2008]. The fate of osteoblasts within
the active BMU - undergoing apoptosis, or becoming embedded in the new collagenous
matrix where they differentiate to osteocytes - is thought to be regulated by osteocytes
communicating through the OLCN.
The significance of the OLCN in distributing fluids/substances from the Haversian canals
to the extracellular matrix has been proposed more than 150 years ago [Bruns, 1841].
How far osteocytes control this fluid flux, as well as and themineralization of osteoid
is still under investigation. Observation of the presence of intracellular mineral vesicles
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in osteoblasts as well as in osteocytes [Mahamid et al., 2011] hint that those cells may
influence ECM mineralization. The fact that neither lacunae nor canaliculi mineralize as
long as the osteocyte is alive, even though the surroundings are saturated with respect to
mineral [Thompson et al., 2011], demonstrates that to some extent, osteocytes influence
the mineralization of their surrounding ECM.
There is growing evidence that osteocytes directly contribute to calcium homeostasis
by a mechanism of local demineralization of bone called osteocytic osteolysis. The
dissolution of bone mineral releases bioavailable calcium ions into solution [Qing and
Bonewald, 2009]. Due to a canalicular density of approximately 0.55 − 0.86 canaliculi
per µm2 [Cardoso et al., 2013] the surface area accessible to osteocytes is up to 100 times
larger than the surface area accessible to osteoclasts including periosteal and endosteal
surfaces, trabecular as well as Haversian surfaces [Aarden et al., 1994]. 3D Analysis of
OLCN in bovine bone showed that 80 % of the bone matrix is closer than 1.4 µm to
the nearest canaliculi [Kerschnitzki et al., 2013]. The high surface area of the OLCN
makes the story of osteocytic osteolysis very appealing. The theory that osteocytes
could demineralize bone through the OLCN was promoted already 40 years ago, based
on the observations of enlarged lacunae in cases of calcium deficiency [Be´langer, 1969],
increased PTH levels [Baud, 1962], micro-gravity [Rodionova et al., 2002], immobiliza-
tion [Krempien et al., 1976], hibernation, as well as lactation [Kwiecinski et al., 1987].
A controversial debate started, as several studies could not validate those findings. The
strong opposition [Parfitt, 1977; Marotti, 1990] argued that the previously observed,
enlarged lacunae were due to different types of bone formation, age of the osteocyte, dif-
ferent locations in the bone, or observational orientation effects. Therefore the enlarged
lacunae did not reflect a genuine lytic process in the sense of a decomposition of bone.
However, recently the theory of osteocytic osteolysis has again gained more attention∗.
All these possible OLCN functions depend on the structure of the network, as both com-
munication and transport of material is only possible via the interconnected canaliculi.
Fluid transport either by diffusion, driven by a pressure gradient due to loading, or
even actively controlled by osteocytes [Arnold et al., 1971] is likely a key component for
a functional, healthy bone tissue. There are several factors other than the OLCN archi-
tecture that would affect fluid transport through the network. Fluid fluxes are strongly
dependent on the diameter of the canaliculi, and the diameter of the dendrites within
the canaliculi. Protrusions of the canaliculus wall, as well as proteoclycans connecting
the dendrites to the extracellular matrix [You et al., 2004] termed tethers also disturb
the canalicular fluid flow. These tethers might be associated with osteocyte mechanosen-
sitivity as forces on the tethers deform the dendrites [Wang et al., 2007]. Another factor
that could affect fluid flow through the canaliculi is roughness of the canalicular wall.
This has been recently studied with a volumetric resolution of a few nm, and has been
used to model fluid flow within the network [Kamioka et al., 2012]. Fluid permeability
through the OLCN is a function that is strongly dependent on the molecular weight of
the fluid components. Paracrine signaling molecules such as sclerostin and RANKL (a
hormone important in the regulation of bone resorption) have molecular masses of 20–30
kDa, not much smaller than the limit of 70 kDa which was reported as the maximum
∗Especially due to the work of Linda Bonewald, Anna Teti and their groups [Teti and Zallone, 2009;
Qing and Bonewald, 2009; Wysolmerski, 2012].
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weight for molecular transport through the canaliculi. Therefore, these important signal-
ing molecules could require a non-passive load-induced fluid flow, or an active osteocytic
process for efficient molecular transport through the OLCN [Tami et al., 2003].
2.2.2 The Relationship of Osteocytes to Bone Formation and
Collagen Structure
Studying the structure of the OCLN may provide insights into it functions. However, the
OCLN architecture and osteocyte morphology could also be strongly influenced as the
network is formed together with the whole osteon. Osteocyte morphology has been re-
lated to the specific bone environment by Ferretti et al. [2002]; this study concluded that
two distinct types of bone formation involved different osteocyte differentiation modi. In
a bone formation process termed “static bone formation”, osteoblasts produce unminer-
alized osteoid in an uncoordinated way, resulting in unordered collagen structure in the
ECM. In this work, we focus on lamellar bone which is produced by a different process
termed “dynamic bone formation”. In dynamic bone formation, osteoblasts orient along
already existing bone surfaces, polarize∗ and produce ordered, lamellar bone [Palumbo
et al., 2004] in an coordinated collective fashion [Kollmannsberger et al., 2011]. Osteo-
cytes originating from dynamic bone formation appear flatter, with more, longer and
more parallel organized dendrites than osteocytes embedded in bone produced by static
bone formation [Ferretti et al., 2002]. Furthermore, the number of osteocytes per bone
volume is lower in dynamically formed bone [Kerschnitzki et al., 2013].
The correlation between the osteocyte shape/OLCN structure and the organized/disor-
ganized bone types was verified by [Kerschnitzki et al., 2011a], and has been used to gain
understanding of bone formation processes [Ferretti et al., 2006]. The osteocyte shape
and OLCN structure also allowed insight into the bone formation processes during bone
healing [Kusuzaki et al., 2000]. Due to the close relationship between the formation
of new bone and the differentiation of osteocytes, which includes the formation of the
OLCN, Rensberger andWatabe [2000] used 2D images to measure the degree of canaliculi
orientation to discuss the evolutionary relationships between the bones of birds, mammals
and dinosaurs.
2.2.2.1 Differentiation of Osteoblasts to Osteocytes
As osteoblasts are embedded in newly forming bone, they undergo several changes in
the course of what is called differentiation as they transform into an osteocyte (review
by Knothe Tate et al. [2004]). With the differentiation the functions of the cell also
the cell morphology change. E.g. embedded osteoblasts lose a high fraction of their or-
ganelles, as they no longer need them to syntheses collagen [Mikuni-Takagaki et al., 1995;
Franz-Odendaal et al., 2006] resulting in a reduced cell volume. The most obvious differ-
entiation change between osteoblasts and osteocytes is the growth of the characteristic
cell processes (dendrites) that are housed in the canaliculi.
∗Polarization means the breaking of symmetry, e.g. the secretion of collagen happens only on the one
side of the cell that faces the bone.
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In dynamic bone formation, the differentiation from osteoblasts to osteocytes is
described by several steps [Palumbo, 1986; Palumbo et al., 1990a; Nefussi et al., 1991],
as shown in Figure 2.9. Osteoblasts that are committed to differentiation (Preosteocytes
type 1 ) first increase their contact surface with the surface of unmineralized bone (os-
teoid). This cell-spreading results in the cells lagging behind the other osteoblasts that
continue form new osteoid. Preosteocytes of type 2, also known as osteoblastic osteo-
cytes, are no longer associated with the layer of active osteoblasts, but are not yet fully
embedded within the new bone matrix. These type 2 preosteocytes begin to grow thick
and short dendrites from their cell surface that is facing the previously deposited bone.
When completely embedded in the unmineralized osteoid, preosteocytes of type 3 grow
slender cell processes on the opposite side of their cell body (e.g. the side facing the
layer of osteoblasts from which they came). These cell processes make contact with the
osteoblasts building the new bone on the surface of the osteoid. When the mineraliza-
tion front arrives at the location of the type 3 preosteocyte, the osteocyte has reached
its mature state. Estimations of the timescale for this process range from approximately
two [Young, 1962] up to 20 days, depending on the animal species and position in the
bone tissue [McCulloch and Heersche, 1988].
2.2.2.2 Orientation of Osteocyte Lacunae and the Canalicular Network
As stated in the beginning of Section 2.2 osteocyte lacunae in lamellar bone appear
almond-shaped, and therefore have three principal axes with differing lengths. Ko¨lliker
[1859] described that the shortest axis is parallel to the lamella normal, a result of the
flattening of the osteoblast in a direction parallel to the bone surface. The long axis
was described as parallel to the collagen orientation [Gebhardt, 1905; Marotti, 1979; As-
cenzi et al., 2008], which is, according to Jones et al. [1975] also the case for osteoblasts.
Marotti and Muglia [1988] reported that osteocyte density within loose lamellae is higher,
or even strictly limited to loose lamellae [Marotti et al., 1995b, 2013]. As stated pre-
viously, this result is doubted by other scientists in the field [Yamamoto et al., 2000].
Ardizzoni [2001] further reported a lamellar thickness is proportional to the dimensions
of the lacunae.
Not only the orientation of osteocytes/lacunae reflects the formation process of the bone,
but the majority of the canaliculi also run perpendicular to the lamellae, towards the
blood vessel in the Haversian canal [Bruns, 1841] fit the description of how preosteocytes
of type 3 grow their cell processes. However, a fraction of the OLCN was also observed
to lie parallel to the lamellae [Ko¨lliker, 1859]. Smith [1960] observed a higher number
of canaliculi within lamellae with collagen that is aligned orthogonal to the plane of
the section, indicating an alignment of canaliculi parallel to the collagen orientation.
Reznikov et al. [2014b] described an accumulation of canaliculi within the disordered bone
ECM. Another way to describe the canalicular orientation is to relate their orientation
to their closest lacuna. Depending on their origin either on the flat surfaces of the
oblate osteocytes or on the rim of the cells, these dendrites have been described as
primary dendrites and secondary dendrites, respectively [Ferretti et al., 1999]. Making a
similar distinction Pazzaglia et al. [2012a] introduced the terms “radial” and “equatorial”
dendrites.
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Figure 2.9: Differentiation of an osteoblast
to an osteocyte. (a)During the bone forma-
tion process (bone is formed downwards in
this schematic), osteoblasts are connect with
each other, and with osteocytes embedded
in the matrix via gap junctions. (b) Os-
teoblasts committed to differentiation spread
on the bone surface, slowing down their mi-
gration relative to the other osteoblasts, be-
coming preosteocytes type 1. (c) When em-
bedded within the still unmineralized bone
(osteoid), they first grow thick, short den-
drites on the side of the cell that faces the
bone. (d) As bone formation continues, they
form long slender cell processes to stay in con-
tact with the osteoblasts on the bone surface.
Image reprinted from [Palumbo et al., 1990b]
with permission from Elsevier.
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In an electron microscopy study Pazzaglia et al. [2010] observed a network of cell pro-
cesses parallel to the bone surface underneath the osteoblasts, extending parallel to the
osteoid surface which were in contact with the dendrites of embedded osteocytes (Figure
2.10). They also argued that these processes could be used to align the collagen. Possibly
these cell processes are the ones that form the equatorial canaliculi (see also [Menton
et al., 1984; Yamamoto et al., 2012]).
Figure 2.10: SEM image of
cell processes underneath a
(removed) osteoblast at the
forming surface of an osteon.
Thick flat cell processes ex-
tending parallel to the sur-
face are thought to belong to
the osteoblasts, while slen-
der cell processes from os-
teocytes can be seen pro-
truding from the canalicu-
lus (black arrows). In the
magnified lower image, it ap-
pears that the thick pro-
cesses are branching and
also enter into the canaliculi.
Image reprinted from Pazza-
glia et al. [2010], Figure 5,
with kind permission from
Springer Science and Busi-
ness Media.
2.2.3 Studying Osteocyte Networks
Most of the morphological observations of the osteocytes and their network are based
on 2D images of bone sections, generated by either light microscopy, TEM or SEM. The
first advances in studying the 3D OLCN structures were achieved by casting the OLCN
with resin, followed by dissolution of the extracellular matrix [Abe et al., 1992]. The
3D resin structures were then observed using SEM. 2D images of these cast structures
provided a fair impression of the complexity of the 3D network arrangement [Pazzaglia
and Congiu, 2013].
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Several true 3D imaging methods have since been applied to the study of osteocyte/lacuna
arrangement in bone [Schneider et al., 2010]. The serial application of focused ion beam
milling that removes thin (approximatly 10 nm) layers of bone, followed by the use of
electron microscopy to image the newly sectioned surfaces FIB/SEM were applied to
study collagen arrangement, but they are also used to study the OLCN [Schneider et al.,
2011; Reznikov et al., 2013].
Synchrotron-radiation-based micro computed tomography (SR-CT) is typically used
to visualize osteocyte lacunae, and evaluate their size, shape, and arrangement [Hannah
et al., 2010; Mader et al., 2013]. Recently it was demonstrated that a resolution high
enough to visualize canaliculi can be obtained [Pacureanu et al., 2012] and was used to
demonstrate that the mineral content is increased close to the canaliculi [Hesse et al.,
2014b]. Unfortunately, to obtain such high resolution information, only a few beamlines
can be used, and precise sample preparation is needed due to limitations in sample size.
Kamioka et al. [2009] achieved an even higher resolution by using computed tomogra-
phy based on images obtained by ultra high voltage electron microscopy of 3 µm thick
sections. With the same technique Kamioka et al. [2012] imaged dendrites in canaliculi
with a 2.4 nm resolution within sample sections that were 80 nm thick.
Confocal microscopy allows visualizing the canalicular network, even though the di-
ameter of the canaliculi is below the wavelength of light, and therefore at the length
scale of the resolution of the microscope. Fluorescent dyes such as rhodamine diffused
through the canalicular network have be used to visualize the network in 3D [Anderson
et al., 2008; Ciani et al., 2009; Kerschnitzki et al., 2011b; Sharma et al., 2012]. The
resolution of the microscope determines the width of the observed fluorescence signal,
which is smaller than the typical distance between the canaliculi, allowing to image the
topology of the network. With this technique the OLCN data was obtained which was
then analyzed as described in Chapter 4 in this thesis. Cell-specific markers have also
been used to study the osteocyte network [Kamioka et al., 2001; van Hove et al., 2009],
as they label the dendrites that located within the canaliculi.
The difficulties in directly observing the function of the osteocytes makes computa-
tional models a useful tool to test possible hypothesis about the formation of the
network and transport through it. Models exist that predict refilling dynamics, and thus
3D structure of the forming osteons, based on inhibitory biochemical signals such as
sclerostin that are secreted by the osteocytes, as well as geometrical factors such as the
radius of the osteon [Polig and Jee, 1990; Buenzli et al., 2013]. Ascenzi et al. [2004] made
a mathematical model to arrange the position and orientation of osteocytes in osteons
including collagen orientation. In this model, which was used for mechanical assessment
of bone, canaliculi are limited to being modeled as straight connections. First advances
in incorporating the OLCN architecture as obtained by confocal microscopy to fluid flow
models have been achieved for small samples [Anderson et al., 2008].
2.3 Healing
A bone fracture implicates a dramatic loss of function and a severe damage not only
to the bone tissue. The dislocation of the bone fracture ends brings along damage of
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the vascular system, connective tissue and might lead to bone necrosis, i.e. death of the
bony tissue. Under adequate mechanical and biological conditions bone has the ability
to heal, returning to the prefractured state. The healing bone does not form scar tissue
and its functionality is completely restored. There are two basic modes of how bone
healing occurs. In rare cases, when there is no gap between the bone ends and the bone
is mechanically stable, bone can heal directly without the formation of additional callus
tissue (primary bone healing), e.g. via the formation of new osteons bridging the two
bone ends. Usually secondary bone healing is observed and, therefore, only this mode
of healing will be described in the following. Secondary (indirect) healing includes the
formation of a callus, initially composed of soft tissues like fibrous tissue and cartilage.
2.3.1 Bone Healing in Animal Models
Progress of our understanding of bone healing largely depends on large animal bone
defect models [Reichert et al., 2009] and rodent animal models [Garcia et al., 2013].
To obtain reproducible initial conditions often osteotomies are induced: in a surgical
procedure the bone is cut in two with a saw instead of being fractured. This results in
relatively smooth “fracture” surfaces. Most of the times defect models are used where a
gap of well-defined size between the osteotomy ends is assured. Fixation devices, either
external or internal within the marrow cavity, are used to provide a defined mechanical
stability.
Secondary bone healing involves several phases overlapping in time [Gerstenfeld et al.,
2003]. As schematically shown in Figure 2.11, after the formation of a haematoma
and an inflammatory reaction, first new soft tissue is formed in the region around the
fracture site. This soft callus is then transformed into other tissues with bone formation
periosteally, followed by a bridging of the fracture ends with cartilage. The cartilage
successively ossifies and mechanically weak woven bone is remodeled to lamellar bone
[Shapiro, 2007; Liu et al., 2010]. Eventually resorption removes the superfluous bone,
resulting in a full restoration of the bone.
Our computational work is based on an animal experiment of 32 sheeps, where an os-
teotomy in the middle of the tibia (i.e. shinbone) was performed [Epari et al., 2006]. The
separated bone ends were stabilized with a distance of 3 mm between them by an exter-
nal, rather rigid fixator. Animals were sacrificed at 2, 3, 6 or 9 weeks after the osteotomy.
Longitudinal histological sections were obtained and stained to identify different tissues
within the callus including cartilage and bone.
To account for the inter-individual variability between the animals, Vetter et al. [2010]
used advanced averaging techniques to extract a sequence of six images from the histolog-
ical sections of the 32 sheep. These averaged images are interpreted as the progression
of healing in a typical sheep advancing through different stages (Figure 2.12), very much
along the description in the literature (e.g. Figure 2.11). The stages were defined based
on specific morphological features of the tissues within the callus. The first image (Stage
II) from the early preparative phase shows that after last remnants of haematoma (Stage
I, not shown) disappeared, the callus consists predominantly of granulation and fibrous
tissue with the first signs of bone formation periosteally. These periosteal bony protru-
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Figure 2.11: Schematic phases of secondary healing in a longitudinal cross section. Compared
to the full cross section (top), subfigures (a-d) show only half of the fracture callus, assuming
symmetry. (a) The damage of the bone and consequently the vascularization yields to the
formation of a callus initially filled with a haematoma. (b) Periostally, away from the fracture
gap, bone is formed in a process called intramembranous ossification, while close to the fracture
cartilage forms. (c) This cartilage starts to be replaced by bone (endochondral ossification).
(d) After a successful healing, when the fracture gap is closed and all the cartilage has been
replaced by bone, a small bony callus remains, which will be remodeled, given enough time.
Image reprinted from Geris et al. [2009] by permission of the Royal Society.
Background
sions are bridged by cartilage in the outer osteotomy zone at Stage III. In Stage IV this
bridge is replaced by bone. In Stage V a connection between the medial and lateral side
of the cortex can be seen. During the early remodeling phase (Stage VI), bone resorp-
tion leads to a reduction in size of the bony callus (Figure 2.12). A final image shows
a fully restored cortex which would occur after successful healing a long time after the
experiment finished. These six images of bone healing in a “typical sheep” are used for
comparison with the computationally obtained images of tissue patterns.
Figure 2.12: Different
stages of a complete course
of healing: Bone is marked
gray where darker colors
represent higher bone den-
sity and consequently higher
stiffness; fibrous tissue is col-
ored red, cartilage green and
bone marrow beige. The im-
ages represent a quarter of
a longitudinal section, with
symmetry planes at the left
and lower side of the im-
ages (see Figure 2.11 for the
complete geometry of an os-
teotomy). Each of the 6 im-
ages shows averaged exper-
imental data of Stages II–
VI [Vetter et al., 2010] plus
the final stage of the restored
cortex.
2.3.2 Bone Healing as a Mechanobiological Process
The formation of a callus during healing consisting of diverse tissues with different me-
chanical properties that fit the mechanical needs in the specific location suggests a me-
chanically controlled healing process [Pauwels, 1960]. Perren and Cordey [1980] pro-
posed the “interfragmentary strain theory”, a simple but instructive mechanobiological
concept, which states that in the callus only the type of tissue can be formed, which
sustains the local mechanical strain. Therefore, soft tissues are formed in regions of the
callus with large local strains, while bone is formed in regions of low strains. Similiar
to osteoblast forming bone tissue, fibrous tissue and cartilage are formed by fibroblasts
and chondroblasts receptively. All of them are from the same cell line, e.g. origin from
mesenchymal stem cells.
While the osteocytes might also play some role in mechano-regulation during the re-
modeling stages of healing, during the early phases of bone healing, it is thought that
mechanosensitive stem cells, e.g. mesenchymal or more likely pluripotent cells [Kasper
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et al., 2007] play a key role. Those cells which migrate into the haematoma of the cal-
lus, differentiate according to their mechanical stimulation [Kelly and Jacobs, 2010] and
other influences [Bruder et al., 1994; Discher et al., 2009]. These other factor include
geometry [Kilian et al., 2010], oxygen tension [Malladi et al., 2006; Meyer et al., 2010]
and growth factors [Worster et al., 2001]. Figure 2.13 shows schematically how these
influences result in different tissues, and compares this to our model.
The main motivation for computer simulations of bone healing is to clarify whether
the observed evolution of the tissue patterns can be understood as the result of a feed-
back between the mechanical stimulation and the cell differentiation process. Stimulation
results in tissue differentiation and an overall stiffening of the callus, which as a conse-
quence reduces the mechanical stimulus and triggers new cell differentiation. Computer
simulations of bone healing are typically based on an iterative algorithm, where first
the callus is subdivided into smaller volume elements and then at each time step a me-
chanical assessment in the different volume elements in the callus are performed. Based
on this assessment mechanical stimuli are calculated for each volume element. These
calculated stimuli are then fed into the crucial mechanobiological rules, which describe
changes in cell concentrations or tissue properties as a function of mechanical stimula-
tion and result in an increase of elastic modulus of each volume element. In case cell
concentrations are modeled, their effect on the tissue properties require an additional
step. After the incrementation of the elastic modulus, a new mechanical assessment has
to be performed and the iteration cycle closes. The proposed algorithms differ in the
used mechanical stimuli and the mechanobiological rules [Geris et al., 2009; Isaksson,
2012]). Questions that have been addressed concern the influence of the osteotomy gap
size [Lacroix and Prendergast, 2002; Go´mez-Benito et al., 2005], the mechanical loading
(compressive, torsional, . . . )[Isaksson et al., 2006a], the fixator stiffness [Reina-Romo
et al., 2011], frequency of loading [Go´mez-Benito et al., 2011], the nature of the me-
chanical stimulus (shear strain, second invariant, fluid flow,. . . )[Isaksson et al., 2006b],
the sources of the pluripotent cells [Lacroix et al., 2002; Vetter et al., 2011b] as well as
the influence of vascularization [Geris et al., 2008; Checa and Prendergast, 2009]. These
computational studies were reviewed in the thesis of Vetter [2010]. In more recent com-
putational work Burke and Kelly [2012] published a healing model studying the effect
of oxygen tension using the averaged healing images of Vetter et al. [2010] to validate
the model. Steiner et al. [2013] investigated validity of their model using different load-
ing conditions, showing that healing does not depend on the assumption of purely axial
loading when uncertain parameters are calibrated. Most models assume axial symmetry,
allowing to reduce the computational effort. With advances of computational power,
3D models using more realistic geometries have been shown to be feasible [Byrne et al.,
2011], allowing to minimize uncertainties in the loading conditions.
For the simulation presented in this thesis, a model is used which was developed in our
research group [Vetter et al., 2011b]. In this approach an aim was to reduce the num-
ber of model parameters. Consequently, a detailed biological description is avoided and
biological factors influencing healing are summarized by a scalar biological potential,
which diffuses from given sources into the callus (Figure 2.13(b)). Changes in tissue
type depend on an adequate mechanical stimulus but can only happen if all biological
needs as described by the biological potential are present. The model allows ossifica-
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(a) Schematic understanding of bone healing (b) Simplified schematics as modeled
Figure 2.13: Schematic representation of bone healing and how it is modeled [Vetter et al.,
2011b]. (a) Mesenchymal stem cells (MSC)/pluripotent cells differentiate into tissue forming
cells depending on many factors of which strains are only one. Many influencing factors are
poorly understood or not even known (arrows without caption). (b) Focusing on the influence
of mechanical stimulation cells and their biological stimulation are summarized as a “biological
potential”. Only if all necessary conditions are fit (high value of the biological potential),
tissue can maturate and differentiate to different types of tissue according to the mechanical
stimulation.
tion via the two observed mechanisms, intermembranous ossification, i.e. direct bone
formation, or endochondral ossification, i.e. ossification via a transient formation of car-
tilage. Mechano-regulation of tissue differentiation is implemented by threshold values
of the mechanical stimulus. Parameter studies have been performed on these mechano-
regulatory threshold parameters. Using this model approach Vetter et al. [2011b] found
good agreement for the early healing stages between model and the experiment when
sources of biological potential were assumed mostly at the periost, and minor contri-
bution by the endosteal marrow space. After testing different mechanical stimuli, the
absolute value of the volumetric strain was selected as to be most appropriate to be used
in the simulations. As an extension of this model to describe the full course of healing
was part of the research work presented in this thesis, a more detailed mathematical
description of the model and its extensions will be given in Section 3.2.
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Chapter 3
Bone Healing
The computational work on bone healing presented in this thesis is based on the model
developed by Vetter et al. [2011b]. Several modifications in the model have been imple-
mented to allow addressing new questions as presented in the following section.
3.1 Aim
The computer model was extended to describe the complete healing process until con-
ditions of the pre-fractured bone are virtually restored. For this objective the process of
bone resorption had to be considered, which causes a removal of the superfluous bony
callus in late phases of healing. It is studied to what extent the inclusion of an additional
simple mechanobiological rule describing resorption affects the overall course of healing
and results in a development of tissue patterns comparable to the animal experiment
(Section 2.3.1).
The focus of the work is to investigate three specific scenarios regarding the connec-
tion between the local mechano-regulation on the cellular level and the resulting
evolution of tissue patterns during healing. Although cells and their behavior are not
explicitly modeled, the phenomenological mechanobiological rules allow addressing cer-
tain aspects of the control on the tissue level. We introduce three biologically motivated
changes in the mechano-regulation and test how these changes affects the progression of
healing.
(i) It is clear that some time is necessary between the sensation of the mechanical
stimulus by pluripotent cells and their differentiation and eventually formation of
new tissue. Consequently, in the computer experiments not the actual mechanical
stimulus, but a stimulus some days in the past is used to control tissue formation. In
the simulations the time interval of the delay is varied and whether the mechanical
stimulus at the beginning of the time interval or a stimulus integrated over the
whole interval is used. In the following these studies are referred to as “delayed
stimulus”.
(ii) Healing is thought to be controlled via mechanical thresholds, i.e. certain processes
are activated once the cells feel a mechanical stimulus, which exceeds a certain
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value. Knowing about biological variability, it is a clear idealization that all the
pluripotent cells possess exactly the same mechanical thresholds [Khayyeri et al.,
2011]. Under studies referred to as “variable mechanosensitivity”, we investigate
how fuzzy mechanical thresholds influence the tissue patterns observed during heal-
ing.
(iii) It is unclear whether an appropriate mechanical stimulus is needed only once for
triggering tissue formation and maturation and then the process continues, or if
an appropriate mechanical stimulus has to be maintained over the whole time to
promote the process. We studied two different scenarios. First, that late soft tissue
maturation is independent from the mechanical stimulus. Second, that the very
early phase of cartilage formation is decoupled from mechanics. These investiga-
tions are presented as “committed maturation”.
In the model parameters for the mechano-regulation, i.e. the threshold values for the
mechanical stimulus deciding on tissue differentiation, are not known. They are chosen
based on a parameter study to ensure the best possible agreement with the experi-
ment at an early stage of healing when cartilage is present in the callus (Stage III,
see Section 2.3.1). One faces now the problem that by implementing changes in the
mechano-regulation as suggested in the points (i)–(iii) above, the best agreement be-
tween simulation and experiment get lost using unchanged parameters for the mechano-
regulation. The only way to guarantee a “fair” comparison between different scenarios
of the mechano-regulation is first to perform a parameters study to determine the best
choice of the mechano-regulation parameters with respect to agreement with the exper-
iment, and then to run the simulation to study the course of bone healing till the full
restoration of the fractured bone.
3.2 Materials and Methods
3.2.1 Mechanobiological Regulation
The following presentation of the model starts with its core, i.e. how a mechanical stim-
ulus regulates the formation and maturation of new tissue. The specific implementation
of the model to describe the osteotomy experiment on sheep and the used parameters
are presented in Section 3.2.2.
For the description in the computer model the callus is subdivided into small 3-dimensional
volume elements. Each volume element is assigned a tissue type (tt), which can be
granulation/fibrous tissue, cartilage or bone. The second parameter assigned to each
volume element is its elastic modulus (Ett) which changes during healing. Starting the
simulation with the callus region filled with granulation/fibrous tissue, i.e. the tissue of
lowest modulus Eminfib , the healing process implies both a maturation of the tissue (i.e. an
increase of the elastic modulus E by ∆E), as well as a change of the tissue type. Changes
in the elastic modulus (∆E) are controlled locally by a scalar mechanical stimulus (ms).
In the work of Vetter et al. [2011b], it was demonstrated that using volumetric strain
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as mechanical stimulus ms = ∆V/V leads to good agreement with the tissue patterns
observed in experiments.
Especially during the early phase of bone healing an intricate interplay of cell migration
into the callus, angiogenesis and cell communication via signaling molecules happens
[Einhorn, 1998; Schmidt-Bleek et al., 2011]. These important biological influences of
healing are phenomenologically summarized in a biological potential c, which takes values
between 0 and 1. This potential is a simplified local scalar parameter describing how
“biologically ready” the tissue element is to progress with healing (for details of the
implementation see Section 3.2.2).
The change in elastic modulus ∆E for a volume element of location r in the callus at
time point t, which occurs during a time step ∆t, is described in our model as
∆E(r, t) = ∆E (ms, c, tt) = c(r, t) ktt∆t (3.1)
where ktt denotes the rate of stiffening of a specific tissue. The last equality holds only
for an appropriate mechanical stimulation. The original model by Vetter et al. [2011b]
had two mechanical thresholds MSc and MSb regulating not only whether maturation
happens, but also deciding between endochondral ossification (i.e. bone formation via
transient formation of cartilage) or intramembranous ossification (i.e. direct bone forma-
tion) occurs. Once a volume element of granulation/fibrous tissue, reaches its maximum
value of elastic modulus Emaxfib , it is turned into cartilage, if ms(t) > MSb, or into bone
otherwise. Cartilage will turn into bone, once the elastic modulus exceeds Emaxcart (Figure
3.1).
Figure 3.1: Tissue development for a small volume element within the callus. All tissue
elements of the callus start as granulation/fibrous (denoted in red) tissue with Eminfib = 2MPa
and stiffen if the mechanical stimulus ms is below MSc. When the elastic modulus reaches
Emaxfib = 10MPa, the volume element can either turn directly into bone (gray) or into cartilage
(green) dependent on the mechanical stimulus ms. Colors in later figures (Figure 3.6, 3.7,
3.10) follow the color code introduced here. Color levels represent different stages of tissue
maturation and therefore different elastic moduli. In the study of “committed maturation”,
we decouple the maturation process from the mechanical stimulus in two different scenarios.
On the one hand we study decoupling in the late soft tissue development (highlighted in blue).
On the other hand a stimulus independent maturation during the early cartilage formation is
assumed (highlighted in orange).
To describe the late phases of healing, where resorption of the bony callus is essential,
in this work a third mechanical threshold MSr was introduced, where resorption sets in
once the mechanical stimulation is below this threshold. Resorption occurs not only for
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the tissues of the callus, but also for the cortex, and leads to a reduction of the elastic
modulus by ∆Er.
In summary, the following four rules for mechano-regulation decide whether the right
side of Equation 3.1 to calculate ∆E is applicable:
• Maturation of granulation/fibrous tissue for MSr < ms(t) < MSc with maturation
rate kfib
• Maturation of cartilage for MSr < ms(t) < MSb with maturation rate kcart
• Maturation of bone for MSr < ms(t) < MSb with maturation rate kbone = kbone(E)
• Resorption (decrease in elastic modulus) of all types tissues for ms(t) < MSr with
resorption rate kr
3.2.2 Implementation of the Model
To allow the comparison of the model with the healing of the tibia in sheep after an
osteotomy [Epari et al., 2006] the bone geometry was chosen to approximate the exper-
iment. The midshaft of the tibia around the osteotomy is approximated by a hollow
cylinder of cortex with inner radius r1 = 4.85mm and outer radius r2 = 9.0mm. The
two fracture ends are separated by a gap distance dgap = 3 mm. Assuming an axial
compressive force Fload on top of the radial symmetric geometry, allows a representation
of the model in two dimensions. Further a planar symmetry in the middle of the frac-
ture gap was assumed. The external fixator was not modeled explicitly, instead initially
the cortex was displaced by uIFM = 0.25 mm in axial direction according to the mon-
itored interfragmentary movement allowed by the external fixator [Schell et al., 2008].
The stiffening of the callus results in an increase of the force necessary to produce the
given interfragmentary movement. When the force exceeded the full loading force of
Fmax = 500N, the boundary condition was changed and until the end of the simulation
Fmax was applied onto the cortex.
Our model is lattice based, thus individual radially symmetric volume elements are
represented in two dimensions as pixels of size (143µm)2 having at each time point
a certain tissue type and elastic modulus. In the iterative algorithm (in Equation 3.1
∆t ≈ 1 day), first strains in each volume element are calculated using Dune [Bastian
et al., 2007] as a finite element solver (see Figure 3.11(a)). Changes in the elastic modulus
are calculated according to Equation 3.1 if the mechanical simulation is appropriate (see
the corresponding rules above). The maturation rates ktt for granulation/fibrous tissue
and cartilage were estimated from the experimental histological sections [Vetter et al.,
2010]. Vetter et al. [2011b] estimated kbone by describing the newly formed bone as a
cellular solid with an elastic modulus given by the relationship of Gibson and Ashby
[1999]
E = Ematρα. (3.2)
In this relation the elastic modulus of the bone material Emat(t) was obtained by nanoin-
dentation [Manjubala et al., 2009], the bone area fractions as a function of time ρ(t) were
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determined from histological sections [Vetter et al., 2010] and the exponent α = 1.83 was
chosen according to Morgan et al. [2003].
The spreading of the biological potential c is modeled as a diffusion process satisfying
the standard diffusion equation
∂c(r, t)
∂t
= D∇2c(r, t).
Based on earlier results [Vetter et al., 2011b] sources of biological potential c were set
as Dirichlet boundary conditions cP = 10 at the periost, and cE = 0.1 at the endosteal
marrow space. As initial condition c is set equal to zero everywhere else. After calculating
the diffusion the potential is truncated to values c ≤ 1. Choosing boundary conditions
values larger than 1 followed by truncation results in a steeper diffusion front compared
to a diffusion process with cP = 1.
Table 3.1 summarizes the used parameters, starting with the material parameters. All
the tissues are assumed isotropic and linear elastic, therefore mechanically characterized
by the elastic modulus E and Poisson ratio ν. Once the elastic modulus of a volume
element exceeds the maximum value of E for a specific tissue, the tissue type is changed.
Material parameters:
Eminfib = 2 MPa(a)
Emaxfib = Emincart = 10 MPa(b)
Emaxcart = 500 MPa(c)
Ecort = 20 GPa(d)
νfib = νcart = 0.4(d)
νbone = 0.3(d)
Loading Parameters:
Fmax = 500 N(e)
uIFM = 0.25 mm(f)
Maturation Parameters:
kfib = 1 MPa/day(c)
kcart = 50 MPa/day(c)
Biological Parameters:
D = 0.25 mm2/day(c)
cP = 10(c)
cE = 0.1(c)
Geometrical parameters:
dgap = 3 mm(g)
r1 = 4.85 mm(h)
r2 = 9.0 mm(h)
Table 3.1: Table of pa-
rameter values used in the
simulations.
(a) [Hori and Lewis, 1982],
(b)[Isaksson et al., 2006b],
(c)[Vetter et al., 2011b],
(d)[Claes and Heigele,
1999], (e)[Duda et al.,
1997],(f)[Schell et al., 2008],
(g)[Epari et al., 2006],
(h)[Vetter et al., 2010].
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3.2.3 Model Extension for Late Healing Stages
For the initial stages of healing the time development of the stiffness of bone can be
interpolated based on the measured local stiffness Emat, volume density ρ and using
Equation 3.2. For later stages the experimental data is extrapolated assuming that both
Emat and bone density ρ attain their maximal values (Emaxmat = 30GPa and ρmax = 1) in
an exponential way (Figure 3.2).
Emat(t) = Emaxmat (1− exp(−κ1t)) (3.3)
ρ(t) = ρmax (1− exp(−κ2t)) , (3.4)
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Figure 3.2: Master curve
of the stiffening of bone with
time calculated using Equa-
tion 3.2. Insets display ex-
perimental data and fitted
dependencies using Equa-
tions 3.3, 3.4. The up-
per left inset shows the time
evolution of bone material
stiffness Emat determined by
nanoindentation [Liu et al.,
2010], the lower right in-
set bone density ρ as deter-
mined by Vetter et al. [2010].
An important extension of the model is the incorporation of resorption. Again the
mechano-regulation is described by a threshold value for the mechanical stimulus, MSr.
In contrast to the other two mechano-regulation parameters, this resorption threshold is
not a free parameter but was determined based on the following considerations:
The simulation of the complete healing process should end in the restoration of the pre-
fractured intact bone. To perpetuate the configuration of the intact bone, maturation
and resorption have to be in balance. This situation is accomplished when the threshold
for resorption is equal to the mechanical stimulus for the intact bone,MSr ≈ msintact. For
the given geometry of a homogeneous hollow cylinder with cross section A = π (r 22 − r 21 )
and loading by an axial compressive force Fload = 500N, the mechanical stimulus, i.e.
the volumetric strain, ∆V/V , is calculated as
msintact =
∆V
V
=

1 + ∆L
L
1−2νbone
− 1
≈ (1− 2νbone)∆L
L
= (1− 2νbone) Fload
AEcort
= 55µϵ,
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where ∆L
L
denotes the strain in loading direction and 1 µϵ corresponds to a deformation
of ∆L/L = 10−6. This estimated threshold was verified by letting the simulations run
into equilibrium and comparing the thickness of the final cortex as well as the stiffness
of the bone within the cortex to the initial conditions. Best agreement was found for a
resorption threshold ofMSr = 60 µϵ which was then used (see Section 3.3.2). To describe
the kinetics of resorption and tissue transformation, in particular, reestablishing bone
marrow in the medullary cavity, the decrease rate of the elastic modulus of fibrous tissue
and cartilage was set equal to their negative maturation rate. For bone, several resorption
kinetics (e.g. linear, exponential) were tested and compared to experimental data from
cortex and callus bone density. Simulations presented here were obtained using a linear
resorption rate kr = −128 MPa/day (see Section 3.3.2.1).
3.2.4 Studies of the Cellular Mechano-Regulation
The questions raised in this study focus on the connection between the processing of the
mechanical stimulus on the cellular level and the resulting pattern of tissues in the callus
during healing. The processing of the stimulus is changed in the following ways:
Delayed stimulus: To account for the time delay between the mechanosensation of
the stimulus by the cells and the formation and maturation of the tissue as response,
not the actual stimulus was used in the simulations but the stimulus, which was present
n iteration steps ∆t in the past,
ms(t) = ms(t− n∆t).
Alternatively, we tested the influence on healing when using an integrated stimulus over
the same time period of n iteration steps ∆t,
ms(t) = 1n
i=0 c(t− i∆t)
n
i=0
c(t− i∆t)ms(t− i∆t).
Variable mechanosensitivity: Most likely individual pluripotent cells respond dif-
ferently to mechanical stimulation. Instead of assuming sharp mechanical thresholds for
the mechano-regulation described by a step function, the thresholds were made fuzzy by
convoluting the step function of the original sharp threshold with a bell shaped function
of standard deviation σ representing the distribution of thresholds for the cells (Figure
3.3). The fuzziness of the three thresholds MSx was tested in three scenarios for low to
high fuzziness corresponding to a relative width σ/MSx = 16%, 40%, 60%, respectively.
Committed maturation: It is unclear whether the appropriate mechanical stimula-
tion has to be maintained over all times to allow tissue maturation or an appropriate
mechanical stimulus at a critical early moment is enough to trigger tissue maturation
and the process continues without further stimulation. We study the decoupling from the
mechanical stimulus of fibrous tissue and cartilage maturation once their elastic modulus
reached 10 % of their final value (blue region in Figure 3.1). As a contrasting scenario we
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investigate a stimulus independent maturation during the very early phase of cartilage
formation, i.e. during the first 5% of the cartilage maturation (orange region in Figure
3.1). In this case, maturation of the cartilage also occurs according to (Equation 3.1)
with a reduced kc even if the local mechanical stimulus is above the mechanical threshold
ms > MSb.
3.2.5 Comparison with the Animal Experiment and Data Eva-
luation
The simulated tissue patterns are compared to the five experimental images correspon-
ding to the healing stages II to VI described in Vetter et al. [2010]. A sixth image was
added for comparison, which shows the fully restored cortex after completed healing
(Figure 3.6). To assess the agreement between experiment and simulation, simulated
images were compared to all experimental images on a pixel-to-pixel basis for each it-
eration of the simulation. We use two different rating values: One rating value for all
tissue types and all stages (from II to final stage) which is defined as
mtt,stage(t) =
# non-matching pixels
# pixels within the callus (3.5)
and a second one that specifically targets the development of cartilage
mcart,stage(t) =
# non-matching pixels of cartilage
# experimental cartilage pixels (3.6)
(see definitions and details in the appendix of Vetter et al. [2011b]).
To understand how modifications of the mechano-regulation change the tissue patterns
during healing, first a reference simulation was performed without considering a delayed
stimulus, a variable mechanosensitivity or committed maturation. The values for the two
decisive mechanical thresholds for the reference simulation,MSb andMSc are determined
by minimizing the mismatch between the formed cartilage for the experimental image
of Stage III and the simulation, mcart,III (Figure 3.4, left). Changing then the mechano-
regulation, for example by considering a delayed stimulus, has the consequence that the
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“optimal” mechanical thresholds determined for the reference simulation are no longer
optimal for the simulation with the changed mechano-regulation (Figure 3.4, right).
Although the computational effort is increased drastically, the influence of changes in
the mechano-regulation can be critically assessed only by first, finding new “optimal”
mechanical thresholds, MS∗b and MS∗c for the scenario under investigation (Figure 3.4,
right) and second, evaluating the simulation using these thresholds and compare the
results with the reference simulation.
From the predicted tissue patterns within the callus for each day of healing, further
quantities can be calculated, which characterize the progress of healing. Quantities
presented in this study include the amount of cartilage present in the callus given as the
cartilage area, the location of the cartilage within the callus quantified by its center of
area in radial direction, the amount of bone within the callus as the area of bone and the
mechanical performance of the healing bone osteotomy characterized by its total stiffness
calculated as Fload/u, where u denotes the displacement between the upper and the lower
end of the modeled cortex. These quantities are compared with data calculated in the
same way from the experimental images from Stage II to VI as well as the restored cortex
under consideration of the elastic modulus in the bony callus [Vetter et al., 2011a].
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Figure 3.4: Each colored box in these phase diagrams corresponds to a simulation with a
specific choice of the two thresholds for mechano-regulation, MSb and MSc. The color denotes
the agreement between experiment and simulation, i.e. the minimum value of mcart,III(t) for
all t, where dark blue corresponds to best agreement. Left, reference simulations without
considering a delayed stimulus, a variable mechanosensitivity or committed maturation (see
text). Right, simulation assuming a mechanical stimulus, which is integrated over the last
5 days. Comparison of the two phase diagrams demonstrates that for both scenarios good
agreement with experiments can be obtained, for different “optimal values” of MSb and MSc
(red crosses).
3.3 Results
The incorporation of resorption into our model raises a set of new questions, which have
to be answered before our investigations can focus on the mechano-regulation of healing.
Firstly, is the introduction of a single mechanical threshold MSr for resorption sufficient
to describe the whole healing process ending in a restored cortex? Secondly, how does
the value of MSr influence the course of healing in particular the configuration at late
times? How does the kinetics of resorption, i.e. the rate of how fast resorption occurs,
influence the healing course? Finally, resorption is not limited to the callus tissue, but
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occurs also in the cortex [Vetter et al., 2010]. Does the decrease in cortex density agree
between experiment and simulation?
3.3.1 Complete Course of Healing
Figure 3.6 shows the comparison between the experimental and computational images
of the reference simulation for the healing Stages II–VI plus a final stage of a restored
cortex. The main features of the early phases are similar: the growth of a periosteal
bony callus and the formation of cartilage at the outside of the fracture gap, building
the first bridge between the two fractured bone parts. At later phases of healing (Stage
V to VI) the size of the bony callus decreases, while the density of the bone within the
fracture gap increases. At very late times (more than a year) the simulation shows a
fully restored cortex of virtually constant density, so that no traces of the fracture gap
are visible any more. Small remnants of fibrous tissue in the marrow space are the only
remainders of the osteotomy.
The good agreement to the experiment is more quantitatively shown in Figure 3.5. Com-
paring experimental and computational images pixel-to-pixel, the time development of
the mismatch mtt,stage (Equation 3.5) between the simulation and all the experimental
stages including the final restored stage is plotted. In the case of a perfect agreement,
each of the six curves would show a minimum of zero mismatch at a specific time. Our
model comes close to this idealized situation: the minima of the mismatch are between 4
and 9%, only Stage V is slightly above 10%. The reason for this larger value for Stage V
is that in the experiment during this stage the medullary cavity is sealed by woven bone.
This is not the case in the simulation. Additionally, resorption within the bony callus
results in the assignment of some tissue elements as fibrous tissue. Table 3.2 provides
the values for the mismatch together with the iteration (day), when the minimum is
obtained. These time points increase with the number of the stage demonstrating that
the simulation runs through the stages in the correct order.
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Figure 3.5: Time develop-
ment of tissue mismatch be-
tween the reference simula-
tion and each of the stages.
For all stages the curves dis-
play a minimum with a mis-
match around 0.1 or be-
low. The minima (denoted
by crosses) occur in the right
order of stages (see also Ta-
ble 3.2)
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Stage Time mtt,stage[%]
2 10 4.3
3 19 8.0
4 56 8.8
5 77 10.9
6 84 6.4
final ≧420 0.0
Table 3.2: Minima of the
curves of mtt,stage (Equation
3.5) for the reference simula-
tion as shown in Figure 3.5.
Figure 3.6: Complete
course of healing: Due to
symmetry all images are re-
duced to only a quarter of
a cross section. Bone mar-
row is marked beige, all
other colors are as in Fig-
ure 3.1. (a) Averaged ex-
perimental data (Stage II–
VI [Vetter et al., 2010]
plus the final stage of the
restored cortex), (b) cor-
responding simulated data.
After bone growth starts pe-
riosteal (Stage II), the gap is
periosteally bridged via car-
tilage. Bony bridging oc-
curs while the amount of
cartilage diminishes and is
shifted inwards (IV). Carti-
lage ossifies (V), and callus
size reduces (VI) until the
initial geometry of an intact
cortex is restored (F).
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3.3.2 Influence of the Resorption Threshold MSr
When describing the introduction of the resorption threshold MSr in Section 3.2.3, we
argued that for a restoration of the cortex the value for MSr should be close to the
mechanical stimulus in an intact cortex, msintact ≈ 55µϵ. Figure 3.7, which shows the
late configurations using different values forMSr, confirms our considerations. For a very
high threshold (Figure 3.7(a)) not only the cortex thickness is clearly reduced, but also
its bone density (denoted by the gray scale) and elastic modulus are lower (10.1 GPa).
For a low value ofMSr (Figure 3.7) (b) the bony callus does not get completely resorbed,
but periosteally a shell-like structure remains, while endosteally a bony bump marks the
site of the osteotomy. For all the simulations presented in the following an intermediate
resorption threshold of MSr = 60µϵ was chosen, which results in a full restoration of
the cortex of the initial thickness and density (see last image of Figure 3.6). From these
results the important conclusion can be drawn that in contrast to MSc and MSb, MSr is
not a free parameter of the mechano-regulation, but its value is more or less fixed under
the condition that the pre-fractured state of the cortex should be restored.
Figure 3.7: Final state
of healing for two differ-
ent resorption thresholds (a)
MSr = 180µϵ and (b)
MSr = 20µϵ. The load of
Fload = 500 N was applied to
the same cortical cross sec-
tion at the top of the image.
The exact shape of the re-
maining bony callus depends
on the boundary conditions
and the shape of the cal-
lus, which is predefined and
is not subject to mechanical
control.
3.3.2.1 Resorption of the Callus
In contrast to tissue maturation, resorption results in a softening of the tissue (∆E < 0
in Equation 3.1). We found that a linear decrease in the elastic modulus compared to
an exponential one can better describe both, the early decrease of elastic modulus in the
cortex, as well as the removal of the bony callus. Figure 3.9 column (o) shows the time
evolution of parameters describing cartilage, bone and total stiffness as a function of a
linear resorption rate kr. These results are contrasted to simulations without resorption
(MSr = 0) as well as with a vanishing resorption rate kr = 0 but a non-vanishing MSr
causing that no changes in the elastic modulus occur in volume elements with a mechan-
ical stimulus below the resorption threshold. For approximately the first 40 days, the
obtained results are almost identical demonstrating that resorption does not play an im-
portant role in the early phases of healing. However, also in this early phase a few pixels
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in the periosteal callus receive a stimulation below MSr with the consequence of resorp-
tion and a lower bone density. At later phases the amount of cartilage is slightly larger
for intermediate resorption rates (Figure 3.9(a,o)). As expected, a higher resorption rate
results in a lower amount of bone in the callus (Figure 3.9(c,o)). On a semilogarithmic
plot the resulting differences in total elastic modulus of the fractured bone can hardly be
distinguished (Figure 3.9(d,o)). Simulations with resorption attain already after about
80 days values for the total stiffness close to the value for the intact bone, for slow re-
sorption this value is not approached from below, but a slight overshooting of 2.4% in
stiffness compared to the value of the restored cortex can be observed. In the following
simulations a resorption rate of 128 MPa/day was used.
3.3.2.2 Resorption of the Cortex
As experimentally observed [Vetter et al., 2010], during healing transiently also the
density and therefore the elastic modulus of the cortex is declining. Figure 3.8 shows the
averaged elastic modulus of the cortex at different distances from the symmetry plane
in middle of the fracture gap.
Within the gap the elastic modulus increases with the progress of healing approaching
the value of Ecort = 20 MPa. Cortex resorption results in a minimum of the cortex
elastic modulus around day 90. For late times, homogenization of the elastic modulus is
obtained, which is reflected by almost constant profiles in Figure 3.8. While the general
trend is similar to experiments, the shape of the profile differs in the cortex region close
to the gap. For early times the bone end receives enough mechanical stimulation to avoid
resorption. In this part of the cortex resorption becomes active only in the time period
between 60 and 90 days.
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Figure 3.8: Mean elastic
modulus of the cortex as a
function of distance from the
symmetry plane in the mid-
dle of the fracture gap. The
used implementation of re-
sorption does not discrimi-
nate between cortex and the
rest of the callus; MSr =
60µϵ, kr = −128 MPa/day.
Compared to the experiment
(gray values of the cortex in
Figure 3.6(a) the simulation
shows an increase in elastic
modulus at the bone ends
(distance > 1.5mm) at early
stages.
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Figure 3.9: Time development of several evaluated parameters for the different healing scenarios.
Vertically plotted are: (a) cartilage area, (b) position of cartilage, (c) bone area and (d) calculated
total stiffness. Plotted horizontally are different healing scenarios: (o) different resorption rates (i)
influence of delayed stimulus. (ii) variable mechanosensitivity. (iii) committed maturation; crosses
correspond to experimental data of Stages II–VI. The triangles denote values of the restored cortex,
which are attained only at times longer than the plotted 120 days.
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3.3.3 Investigating Cellular Mechano-Regulation
3.3.3.1 Influence of a Delayed Stimulus
The plots of column (i) in Figure 3.9 show the time evolution of healing for four sim-
ulations, where either a mechanical stimulus 2 or 5 days in the past was used, or the
stimulus was integrated over 5 or 10 days in the past. All the simulations are similar and
comparable with the reference simulation until approximately day 35. Afterwards the
largest differences to be observed are that considerably more cartilage is formed in the
gap region (Figure 3.9(a,i)), resulting in a medial shift of the center of mass of cartilage
(Figure 3.9(b,i)). The longer the delay of the stimulus, the later this increase and shift
of cartilage starts and more bone is formed due to a later start of resorption (Figure
3.9(c,i)). The lower elastic modulus of the fractured bone (Figure 3.9(d,i)) corresponds
to delayed healing. In all four plots it is obvious that the effect of delayed stimulus by 2
days results in similar tissue pattern during healing than an integrated stimulus over 5
days (similar for 5 days delay and 10 days integration).
3.3.3.2 Influence of Variable Mechanosensitivity
From the three studied influences, the introduction of fuzzy thresholds has the smallest
effect on the course of healing. For the choice of a medium variability of the mechanosen-
sitivity, the amount and position of the formed cartilage are in excellent agreement with
the experiments (Figure 3.9(a and b,ii)). The amount of bone is generally decreased,
never filling the whole available callus area (Figure 3.9(c,ii)). This is accompanied by a
faster stiffening of the callus corresponding to an overall accelerated healing response.
3.3.3.3 Influence of Committed Maturation
The first scenario, where the maturation of the soft tissues (fibrous tissue, cartilage)
is decoupled from a mechanical stimulation as early as after 10% to its way to full
maturation (see Figure 3.1, blue bars), has hardly any effects on the course of healing.
Small changes can be seen in the cartilage development (Figure 3.9(a and b,iii)), but the
formation of bone and the overall stiffening of the fractured bone occurs analog to the
reference simulation. However, the effect is much more significant in the second scenario,
where only the very early phase of endochondral ossification was assumed independent
of the mechanical stimulation (Figure 3.1, orange bar). Under these conditions, cartilage
disappears earlier while shifting medially (Figure 3.9(a and b,iii)). The more stable
conditions related to a cartilage-free callus, lead again to a smaller amount of bone to be
formed and a faster stiffening of the fractured bone. From all the performed simulations,
this condition resulted in the fastest healing.
3.3.4 Cartilage Development
In all the simulations the mechanical thresholds MSc and MSb were adjusted to make
the early cartilage development comparable to the experiment (Figure 3.4). However,
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already the first two rows of Figure 3.9 demonstrate that the later cartilage development
can proceed quite differently. For a closer investigation, Figure 3.10, shows simulated
histological images of the gap region for different stimuli processing assumptions. For
each assumption, the upper images of each scenario depict a time when the cartilage is
formed and its maturation starts, the lower images at the later time point shortly before
its disappearance. While the reference simulation produces a mixture of cartilage and
bone within the fracture gap, assuming a delayed stimulus the gap gets completely filled
with cartilage before maturation starts. For the scenarios of variable mechanosensitivity
and committed maturation, fibrous tissue can be found in the gap when the maturation
of cartilage starts. Besides these differences in the tissue composition in the gap region,
it is worth noting that maturation of the cartilage starts at different locations. While
in case of a variable mechanosensitiviy, the maturation starts laterally, for the case of
committed maturation of cartilage formation, cartilage maturation proceeds in the region
where cartilage was initially formed, i.e. medially close to the cortex.
Figure 3.10: The development of cartilage for the reference simulation and all three changes in
the mechano-regulation: delayed stimulus (2 days), variable mechanosensitvity and committed
maturation (decoupled from mechanical stimulation during early cartilage phase). The upper
images show the region around the fracture gap at the time when cartilage starts to mature
(dark green), the lower images shortly before no more cartilage is visible.
3.4 Discussion
In this work we used a mechanobiological model, which describes the time evolution of
tissue patterns during bone healing in sheep, to study the control of bone healing. The
implementation of resorption allows to successfully model the complete healing process,
where the agreement with the histological sections obtained from an animal experiment
with 32 sheep is that each of the six experimental images is met with a mismatch be-
tween 4 and 11% in a pixel-by-pixel comparison. Keeping in mind that the experimental
images are averaged images, but still carry an error due to the unavoidable biological
variability between individual animals, this agreement between simulation and experi-
ment has to be seen as satisfactory. Since our approach aims at a computer model which
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is mechanobiologically reasonable (e.g. by allowing ossification to happen endochondrally
or intramembranously), but as simple as possible, this agreement is remarkable.
There is general agreement about the need to improve the corroborability of computa-
tional models of mechano-regulated tissue differentiation [Isaksson et al., 2006a; Khayy-
eri et al., 2013]. The rigorous quantitative comparison with experimental data as pre-
sented in this work is an important step in this direction. It is worth mentioning that
this experimental data considers the variability of individuals. In the attempt to test
mechanobiological theories of healing and (following the perspective of Karl Popper) try
to falsify them [Khayyeri et al., 2013], one faces a dilemma in case of disagreement: it is
unclear whether the mechanobiological theory is inadequate, or the problem arises from
an incorrect choice of the model parameters, although the theory provides an accurate
description of healing. Typically models in biology suffer from a very large number of
free parameters. Most of biology is not yet quantitative enough for the needs of numeri-
cal simulation. This results in big uncertainties in the values of these parameters, which
can even be hardly be estimated, so that an error by a factor of 10 cannot be excluded.
In our opinion the only way out of this dilemma is, first, to reduce the number of free
parameters, i.e. parameters with big uncertainties in their numerical value, and, second,
to perform a thorough parameter study of the remaining free parameters. Simple math-
ematics shows that this is only possible if the number of free parameters is about five or
below [Vetter et al., 2011b].
A look at the table of parameters used in our model (Table 3.1), shows that most of their
values can be well defined. The geometry of the tibia and the osteotomy are the measured
values from sheep. The loading parameters are given by the mechanical characterization
of the fixator, by measurements of the ground reaction force and the interfragmentary
movement [Duda et al., 1997]. A strong assumption in our model is to assume rota-
tional symmetry and a purely compressive loading on the cortex. Material parameters
of the tissues can be found in literature, where values of the Poisson’s ratio are surely
less reliable. Since the incorporation of mineral changes during healing changes the
mechanical properties drastically, we included data obtained by nanoindentation [Man-
jubala et al., 2009] to describe the maturation of bone. Here a strong assumption is
to assume isotropic, linear elastic material behavior even for soft tissues. The rates for
tissue maturation are not so easily measurable, but can be reasonably estimated based
on the histological sections at different time points of healing. Really unknown are only
the mechanobiological control parameters. The multitude of biological factors and their
insufficiently characterized interactions make a phenomenological description inevitable.
To define a diffusive “biological potential” with specified sources is a very elementary
reproduction of this complexity. The necessity of a strong source of the biological po-
tential at the periost was shown [Vetter et al., 2011b] and is further discussed in the
next section. A single mechanical stimulus, the volumetric strain, was employed in the
model. It should be emphasized that we do not claim that pluripotent cells feel only
a single stimulus. Rather all the manifold stimuli the cells are sensing (John Currey
coined the term local proximate stimuli [Currey, 1995]) can be phenomenologically sum-
marized under the local “ultimate stimulus”, to describe cell behavior under mechanical
stimulation.
The use of a single mechanical stimulus is in agreement with Occam’s razor, which fa-
49
Bone Healing
vors from competing hypotheses the one with the fewest assumptions [Khayyeri et al.,
2013]. The development of the different tissues is then controlled by three thresholds of
this mechanical stimulus, MSb, MSc and MSr. This study showed that the resorption
threshold MSr cannot be seen as a “free parameter”, since it is fixed by the condition
that the cortex should be restored in its original geometry. A whole series of simulation
can be performed in varying the two remaining thresholds, MSc and MSb, resulting in
a phase diagram as shown in Figure 3.4. Such a phase diagram shows the agreement
to the experiment as a function of the chosen values for MSb and MSc. For our investi-
gation of the cellular mechano-regulation the possibility to characterize the model with
such a phase diagram is essential. Changing the rules for the mechano-regulation also
“detunes” the best values for MSb and MSc (see Figure 3.4). To isolate the effect of
changed mechanobiological rules on the resulting tissue patterns it is therefore necessary
to use “retuned” values for the mechanical thresholds. Without this “retuning” of the
parameters we observed large effects of a changed mechano-regulation on the time course
of healing.
Discrepancies between experiment and simulations are most prominent in a new quan-
tity that we assessed for the first time for comparison with simulations, i.e. the bone
density due to its porosity. The animal experiments show a reduction in bone density of
the cortex close to the fracture gap [Vetter et al., 2010]. Simulations describe a similar
reduction, but only at later phases of healing (Figure 3.8). The reason for this delay
in resorption is that the uniaxial loading results in hoop strains at the cortex ends,
which therefore protect this part of the cortex initially from resorption. The periosteally
formed bony callus shows regions of bone development being influenced by the resorption
threshold, leading to a lower bone density in the callus than observed. The callus in the
simulation has micro-porosity which is not considered in the elastic modulus of the vol-
ume elements (i.e. ρ in Equation 3.2). While during the evaluation process this porosity
could be accounted for by averaging the density of the callus, this would still result in
a lower density than observed. This is the case since the master curve (Figure 3.2) was
defined such that the development of the callus in the simulation fits the experimental
data if no resorption is present. A possible way to compensate for this is to modify the
master curve e.g. increase the initial densification rate of the bone until the development
of the callus fits the experiment. How big such an increase needs to be and how this
affects the rest of the healing progress needs to be found out.
Of major interest for this study was how a time delay between stimulation and tissue
formation, a variable mechanosensitivity of the cells or a committed maturation inde-
pendent of a mechanical stimulation influences the tissue patterns during healing. Most
importantly we did not observe any qualitative differences in the time evolution of the
tissue patterns. In all the scenarios a reasonable agreement with the early phase of car-
tilage formation (Stage III) could be obtained by adapting the values of MSc and MSb.
Healing progressed very robustly towards full restoration of the cortex, with only major
differences of how cartilage disappears form the callus. The extreme cases occurred with
a large delayed stimulus, where a substantial amount of cartilage in the fracture gap was
formed, resulting in a medial shift of the center of mass of the cartilage. Consequently
more bone was formed due to a delay in bone resorption and the total stiffness of the
broken bone showed that healing was slowed down. The other extreme occurred for
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medium and large variability in the mechanosensitvity, where the formation of cartilage
was strongest suppressed. Also here a medial shift of the cartilage was observed since
resorption occurred from lateral to medial. The amount of formed bone was minimal
and healing progressed fast.
An observation worth mentioning is that a delayed stimulus changes the time develop-
ment of the healing progression since this change in the mechano-regulation was imple-
mented in other models of bone healing for reasons like numerical stability and others
[Lacroix and Prendergast, 2002; Isaksson et al., 2008; Go´mez-Benito et al., 2005]. While
this can be partly compensated by adjusting parameters, this should be taken into ac-
count for the interpretation of the simulation results. That a variable mechanosensitvity
changes the progress of healing is also not self-evident. The new fuzzy threshold is
symmetric around the original sharp threshold so that one could conclude that the ef-
fects of increased/decreased stimulation would cancel out. However, healing progresses
asymmetrically always towards stiffening (apart from processes including resorption),
therefore even a slight increase in the elastic modulus and therefore a reduction in strain
allows an earlier start of maturation. Our investigations concerning the “committed
maturation” demonstrates that large parts of healing can be put independent of the
mechanical stimulus without marked differences in the resulting tissue patterns. Where
mechanical stimulation matters is more in the triggering of a new process. Our simula-
tions show that supporting the very early phases of endochondral ossification leads to a
clear speed-up of healing.
3.4.1 Outlook
The obtained results from a simulation always depend crucially on the assumptions
made in the model. Therefore, the question is where to invest additional resources of
man and computer time to improve the predictive quality of the results. Our lean model
allowed to relate the observed development of the tissue to development of governing
influences (i.e. mechanical stimulus and biological potential). In this section, based on
the understanding gained from the work with the described model, recommendations are
given how one should proceed, based on the experience obtained by using the presented
model.
The assumption of a strictly axial loading allowed to represent the model in two dimen-
sions with a cylindrical symmetry. In the sheep experiment the fixation device used on
the sheep’s tibia was placed on the leg’s exterior allowing – to some extent – bending
and shear. The feasibility of complete 3D models including the fixation device has been
shown recently [Byrne et al., 2011]. An extension of the model to full 3D allows to
test whether the spatial symmetry of the model has an influence on the choice of the
mechanical stimulus. From the axial symmetric model we learned what are important
features that have to be fulfilled in a model and volumetric strains proved to provide
the best agreement with the tissue patterns observed in histological sections. This be-
comes clear as in Stage III, which was used to determine the values for MSc and MSb,
the following arrangement of the different tissues types has been observed. New bone
was formed on the periosteal side adjacent to the cortex, in the fracture gap the initial
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granulation/fibrous tissue is still present and in between some cartilage formed bridging
the bone ends.
Assuming axial loading the volumetric stress produces a pattern that shows a maximum
within the gap, and decays monotonous to both sides with small values periosteal to the
cortex (Figure 3.11(a)). In contrast, the shear strains are very low except at the corners
of the cortex (Figure 3.11(b)). In a 3D implementation of the geometry without axial
symmetry it is now quite likely that shear strains take also maximal values within the
fracture gap. Therefore, shear strain become a possible candidate as mechanical stimulus
for tissue differentiation. The potential of different mechanical stimuli to control bone
healing should be investigated using a full 3D model.
(a) Volumetric strain (b) Shear strain
Figure 3.11: Strain descriptors as calculated for axial loading in the initial conditions with
only fibrous tissue in the fracture callus, the dark blue rectangle (low values) corresponds to
the position of the cortex. (a) The decaying volumetric strain from the gap (orange) around
the outer edge allows to achieve a tissue patterns where the three different tissue types are
contiguous and located as observed in the experiment, by using two mechanical thresholds. (b)
The lobes of high shear strain at the edges of the fracture ends makes shear strain not a useful
mechanical stimulus when only axial loading is assumed.
Values of the volumetric strain (when used as mechanical stimulus) decay from high val-
ues in the fracture gap to both sides, periosteally and endosteally. Using only mechanical
thresholds this would lead to symmetric tissue development, i.e., cartilage formation, en-
dosteally at the same time it is observed periosteally. The asymmetric development of
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both sides is the result of the biological potential with its main source at the periost.
The diffusion of the biological potential explains the growth of the bony callus at the
periosteal side of the cortex and also determines the speed of the growth. It is likely that
this particular bone growth could also be achieved by a rule that bone is only allowed to
form on already existing bone. Thus it could partly replace the function of the biological
potential and would also result in a more controlled endochondral ossification.
Running many simulations with different scenarios of mechano-regulation as well as
different mechanical thresholds, we observed that the course of healing was rather similar
for all scenarios till attaining Stage III, but then the time evolutions showed a stronger
divergence. A possible explanation of this observation is that initially the tissue pattern is
not only controlled by the mechanical threshold but it is also influenced by the biological
potential c. Initially the strain in the fracture gap is too high for the fibrous tissue to
mature, only on the periosteal side where the volumetric strain (Figure 3.11(a)) is below
MSc and the c sufficiently high, the elastic modulus starts to increase. Assuming c = 1,
8 iteration steps later when its stiffness reaches Emaxfib those tissue elements will be either
turned into bone or cartilage, depending on the magnitude of the stimulus relative to
MSb. Close to the fracture gap, where the strains are bigger than they are further away,
this will result in the formation of cartilage (Figure 3.6(b), Stage II). Changing MSc
therefore shifts the interface between fibrous tissue and cartilage. While this interface
depends on the strain in the initial set-up, the interface between cartilage on bone which
can be controlled by MSb is not defined at a single time point. The maturation of the
soft tissue on the periosteal side leads to a load transfer, resulting in an initial increase
of the strains in the region where the cartilage is found. The time when Emaxfib is reached
depends on when the advancing of the biological potential started the tissue maturation.
The interface where the decision between bone and cartilage is made therefore grows
outwards (Figure 3.6(b), Stage III). This slow procession of the interface and a relatively
continuous strain distribution result in a relatively stable advancing of the healing till
Stage III. These considerations do not only explain the minimal mismatch in Stage III
for a certain set of parameters, the changes in the phase diagrams due to an time delay
(Figure 3.4), can also be explained.
The divergent development of different scenarios after Stage III, i.e. the strong variation
of cartilage development within the fracture gap, has several reasons. As the biological
potential is already maximal in this region when the mechanical stimulus drop below
MSc, thus starting the maturation, the developing tissue pattern is exclusively dependent
on the mechanical stimulus with respect to the mechanical thresholds. The decision
if tissue within the gap will directly turn into bone or if it will transiently turn into
cartilage depends on how fast the stains decrease, as well as the difference between
the thresholds MSc-MSb. Changing the mechanical thresholds to “re-tune” the model
accounting for changes in the mechano-regulation can thus explain the differences in the
amount of cartilage as observed in Figure 3.9(a). Where the cartilage is located, where it
starts to mature, and where it remains longest (Figure 3.10) depends alone on the time
development of mechanical stimulus. Once the cartilage is completely replaced by bone,
the simulation converges against the steady state of an intact bone.
For a further progress of our mechanobiological understanding of bone healing, it seems
necessary that standardized animal experiments are performed with well-defined loading
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conditions and a three-dimensional evaluation of the callus [Gerstenfeld et al., 2006].
Unfortunately detailed data is only available at one time point per animal, limiting the
comparison to the average of the samples as presented. With our model describing
healing in a large animal (sheep), an interesting question is how well the model predicts
healing in small animals like mice and rats [Checa et al., 2011]. To test our model
also for small animals would clearly improve the degree of independence of the model
[Khayyeri et al., 2013]. Up to now no data set comparable to the sequence of images by
[Vetter et al., 2010], which shows the mean healing progression as averaged over many
animals, is available in the literature. For the execution of these animal experiments
our simulations provide the recommendation to thoroughly document the intermediate
phases of healing. In this phase, in which cartilage emerge in the callus and is replaced
by bone, the biggest uncertainties are present.
The inclusion of resorption of not only the callus but also the cortical bone into the model
allows to find conditions of mechanical stabilization that result with the fastest possible
healing, which is a clear aim of such computer simulations. However, right now these
model approaches are still far from a clinical application. For a further improvement of
our model we suggest computational work along the following milestone:
• evaluation of histological sections and description of bone, fixator and forces in 3D
• finding the appropriate ultimate mechanical stimulus
• adjusting the densification/ossification rate of the bone tissue such that the initial
development in the periosteal region fits the experiment
• considering alternative descriptions of the biological potential
• incorporating more biological understanding of how cartilage is replaced by bone
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Osteocyte Networks
4.1 Aim
More and more quantitative data is being published concerning the 3D properties of
osteocyte lacunae [Schneider et al., 2007; Hannah et al., 2010; Hesse et al., 2014a], but
hardly any information is available about the 3D structure of the canalicular network
connecting the cell lacunae. However, for the function of the osteocyte lacuno-canalicular
network (OLCN), the connections between cells seem particularly essential for commu-
nication and sensing purposes.
One step towards a functional understanding of the OLCN is to study its structure and
topology. To interpret the structural observations in terms of functionality, one should
keep in mind that structural features might also arise due to constraints during network
formation. Therefore, this work tries to relate network properties to the structure of
the bone tissue in which the network is located as well as to its formation process. The
present study provides a 3D quantification of the OLCN in osteons. Osteons provide an
ideal case study as they represent a spatially confined functional unit of cortical bone
with a relatively well understood formation process (see Section 2.1.1 and Figure 2.3).
Our investigations on the OLCN structure can be summarized into three main questions:
1. How dense is the network in the osteon and how homogeneous is this density
spatially distributed within osteons?
2. To what extent does the geometry of the osteon influence the structure of the
network?
3. Many osteons show concentric lamellar structures around the central Haversian
canal (Figure 4.1). Is the lamellar spatial periodicity of the tissue organization
also reflected by the organization of the network?
In the following a few thoughts and more specific questions emphasize the topicality of
the study. The network density as a function of the radius has already been addressed
by Marotti et al. [1995a] based on 2D electron micrographs and light microscopic images.
Based on the observation of a higher number of canaliculi on the side of the osteocytes
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Figure 4.1: Projection of 3
µm of the osteocyte lacuno-
canalicular network in an os-
teon. The red signal shows
the imaged OLCN including
osteocytes and canaliculi,
the green signal is the inten-
sity of second harmonic gen-
erated (SHG) light, show-
ing the lamellar structures
within the osteon. In the
lower left corner the contrast
of the SHG signal was en-
hanced to highlight “green
canaliculi”: canaliculi that
used to be there but which
are not accessible to the
stain anymore. The scale
bar equals 50 µm
facing the blood vessels than on the opposite side [Marotti et al., 1992], the authors
expected an increasing network density when moving from the periphery of the osteon
towards its center. A higher canalicular density close to the blood vessel is expected
when assuming a constant nutrition/waste flux per canaliculus. A similar argument
could explain a deceleration of bone since osteoblasts on the bone surface are exposed to
increased amounts of inhibiting signaling secreted by osteocytes as the osteon gets filled
(Section 2.1.1, [Marotti et al., 1992; Martin, 2000]). However Marotti et al. [1995a] could
not show a significant decrease of the network density with increasing distance from the
center of the osteon (Figure 4.1). It is reasonable that larger osteons as well as those
having a higher density of cells need a higher network density for an efficient transport
within the network. Therefore we study these relationships.
An obvious feature of the canaliculi network is its preferred orientation towards the center
of the osteon. The origin of this preferred direction and its relation to the formation
process of the osteon are unclear. From the perspective of the osteocytes two different
types of cell processes∗ were described, those that radiate radially from the rather flat
part of the oblate osteocytes (radial dendrites) and others that originate from the rim of
the cell (equatorial dendrites) [Pazzaglia et al., 2012a]. The question arises whether the
orientation of the canaliculi in the whole network also shows these two distinct directions,
and whether different functions are attributed to differently oriented parts of the network.
Characteristic for lamellar bone is an organized arrangement of the collagen fibers (Sec-
tion 2.1.2). Reports that osteocytes can be found only in loose lamellae [Marotti, 1993;
Ardizzoni, 2001] and recent observations that canaliculi are confined to bone with un-
ordered collagen [Reznikov et al., 2014b] indicate a relation between tissue organization
and cells [Marotti, 1996]. However, these observations are not well established since they
∗Which we can only observe in terms of canaliculi.
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are not quantitatively described and often limited to small sample sizes. Studying the
correlation between OLCN and the lamellae might not only provide a better understand-
ing of the composite of cells and extracellular tissue, but allows to discuss the role of
cells in the arrangement of collagen.
4.2 Material and Methods
4.2.1 Samples
All osteocyte networks studied in this work are imaged in samples of cross sections
from the femural midshaft (i.e. central part of the femur, Figure 4.2(a)) of 4 female
humans that died at an age between 48 and 56 years (Table 4.1) without any known
metabolic disease. The samples were provided by the department of forensic medicine of
the Medical University of Vienna and the study was performed in accordance with the
ethic commission board of the institution (EK #: 1757/2013).
Sample age in years
FM03 51
FM38 55
FM40 56
FM48 48
Table 4.1: Label of the
sample and the age of the
donor. The name of the
samples does not have a spe-
cific meaning and is only
used to simplify a compari-
son with future studies.
4.2.2 Sample Preparation and Imaging
The basic idea of the used imaging method is to immerse the bone sample in a liquid
including a stain. The stain then enters into the accessible porosity of the bone sample,
in particular the canalicular network where it attaches to the interface between pore and
bone tissue. Then laser scanning confocal microscopy is used to visualize the location of
the diffused stain. On arrival from our collaboration partners at the Ludwig Boltzmann-
Institute of Osteology in Vienna (LBIO) the bone samples have already been cleaned
from soft tissue. They were transversal cross section of cortical bone, roughly 0.5 mm
thick and stored in 70% alcohol by volume.
In a first step, the dimensions of the cross section were reduced (to approximately 5 ∗
5mm2) using a low-speed diamond saw (IsoMet; Buehler GmbH, Duesseldorf, Germany).
Since the network can be well imaged only on samples with a smooth surface, one of the
sample’s surfaces was polished with grinding paper with a grit designation of P1200 (ISO
6344) under wet conditions to achieve a smooth surface that is parallel to the other. The
sample was then stained by exposing it for 2 days under constant movement to phosphate
buffered saline (PBS) solution in which rhodamine-6G powder was dissolved (0.02 % wt)
(Figure 4.2(b)). The rhodamine diffuses into all accessible cavities and attaches to the
surfaces of the accessible pores. Having a size of (1∗1∗0.4) nm3 [Lu and Penzkofer, 1986]
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(a) Femoral bone (b) Stained sample
Figure 4.2: (a) Dissected sample of cortical bone obtained from the midshaft of a human
femur, showing a longitudinal and a cross- section. (b) A thin transversal cross section was
cut from this block, further reduced in size and stained with rhodamine for imaging of the
osteocyte network.
rhodamine molecules can easily diffuse through the canalicular network. Imaging of the
rhodamine fluorescence therefore allows to visualize the network by means of confocal
microscopy [Kerschnitzki et al., 2011a].
All the image data obtained for this work has been generated using a Leica TCS SP5
laser scanning confocal microscope. Initial measurements were performed with a
63x water-immersion objective with a numerical aperture NA = 1.2. To improve the
resolution in the direction of the optical axis, for the research presented in this work a
100x oil-immersion objective with a NA = 1.4 has been used.
The pinhole was set to the first minimum of the Airy disk to achieve a compromise be-
tween a high resolution along the imaging axis and a high light intensity. The theoretical
lateral resolution of this setup was approximately 280 nm. Estimating the real resolu-
tion within the mineralized tissue, based on imaged canaliculi a lateral resolution of 500
nm was found to be more realistic. In the direction of the imaging axis, the resolution
was close to 900 nm. While these dimensions are bigger than the real diameter of the
canaliculi (published values range between 100 and 550 nm [Cardoso et al., 2013]), the
limiting factor for an accurate measure of their topology is the distance of the canaliculi
among each other which is typically higher. To image the sample in an inverted micro-
scope setup without cover slip, the investigated sample was glued to a microscope slide.
All measurements have been made with a voxel size of (303 ∗ 303 ∗ 296) nm3. Imaged
volumes were typically (155 ∗ 155 ∗ 40)µm3 in size. The dimension along the optical axis
was limited by the optical properties of bone, e.g. the light scattering by the mineral as
well as the inhomogeneous arrangement of the optically anisotropic collagen matrix.
For imaging the canalicular network, rhodamine was exited with a combination of laser
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light with a wavelength of 488 and 514 nm. The fluorescence signal was detected in the
range between 550–650 nm (red signal in Figure 4.1).
Information about the lamellar arrangement of the osteon was recorded by measuring
the second harmonic generated (SHG) signal of collagen in backward direction
(green signal in Figure 4.1). Interpretation of the SHG signal is not straightforward, but
we assume that the signal originates from regions where collagen is oriented within the
image plane. A more detailed discussion about the origin of the signal including test
experiments is presented in Appendix C. A pulsed IR-laser with wavelength λ = 820 nm
was used to achieve the high energies needed for a sufficient SHG signal. Signals were
detected between 405 and 415 nm and originate only from the focal spot of the laser
as only there intensities are high enough for an efficient SHG signal. This allows to
measure the SHG signal with an open pinhole to obtain a higher signal to noise ratio.
As a consequence, image stacks were recorded acquiring the rhodamine fluorescence
image with reduced pinhole size and the SHG image alternating for each z-layer. For
both signals in each slice two images were acquired and averaged in order to reduce noise.
The decay of intensity of both signals with increasing imaging depth has been com-
pensated by linearly interpolating the laser intensities and the voltages of the photo
multiplier tubes (PMTs). This procedure provided best images at the top and the bottom
of the imaged volume∗.
Not all osteons in the samples were suited for answering our research question about
the correlation of the lamellar structure of osteons and the canalicular network. Not se-
lected for further investigations were dark osteons, i.e. osteons not showing the concentric
lamellae (Section 2.1.2), and osteons with irregular shapes. In some osteons we observed
lamellar geometries which were not favorable for the analysis: some lamellae did not
form complete circles, they appeared to split into two lamellae or spiraled around the
central Haversian canal (Figure 4.3). While recently Pazzaglia et al. [2012b] described
such shapes of lamellae, it is surprising to see how often lamellae do not appear as closed
circles when imaged with the method we used. To improve the statistics of our results,
we selected osteons which showed at least 4 bright lamellae that had a regular shape.
In order to find suitable osteons, first sample overviews were recorded using a lower
magnification in an automated scan (Figure 4.4).
4.2.3 Image Processing and Data Analysis
A significant amount of the work of this project was the computational analysis of the
images of the osteocyte network and its correlation to the lamellae in the osteon. In the
following subsections the steps of this analysis are described providing some technical
details, which are of particular importance for someone continuing this work. Most of the
steps in the described analysis were done using the programing language Python [Guido
van Rossum, 2001] and dedicated libraries (Numpy/Scipy [Oliphant, 2007], Matplotlib
[Hunter, 2007]). The Python library Mayavi [Ramachandran and Varoquaux, 2011] was
∗The intensity is expected to decay approximately exponential, but the software used to control the
microscope only allows to control the laser intensity as well as PMT voltage in a linearly interpolated
manner.
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Figure 4.3: Lamellae
within an osteon imaged us-
ing the SHG signal of col-
lagen in backward direc-
tion. While most lamellae
are closed circles (yellow),
some lamellae form spirals
(red) while others appear to
split into two (green). This
particular image was chosen
as it contains all of these fea-
tures. The lamellae in the
osteons chosen for the anal-
ysis had a more regular cir-
cular appearance.
used to visualize 3D data and to test if the image analysis led to reasonable results.
4.2.3.1 Processing of Network Images to Graph Structures
A classical problem of image analysis is the thresholding of the data to distinguish,
in our case, between voxels belonging to the OLCN and voxels that do not. Using a
linearly interpolated laser intensity along the z-axis results in a depth dependent signal
intensity. Additionally, in some samples there are also regions that are stained less
intensely than other regions (Figure 4.5(a)). Using a high intensity value as global
threshold to define the voxels belonging to the osteocyte network would result in a loss
of network connectivity in less stained regions (Figure 4.5(c)). If, on the other hand,
a low global threshold would be chosen, the lacuna size would be overestimated and
canaliculi would merge in the more stained regions of the sample (Figure 4.5(b)). To
avoid this problem a customized algorithm for adaptive thresholding was developed
and employed.
Many methods have been developed for feature detection in images, e.g. difference of
Gaussians (DOG) [Marr and Hildreth, 1980]. The idea of this method is to compare
the image after smoothing with Gaussian functions of different kernel size (i.e. different
standard deviation). The difference of two Gaussians with different kernels is, due to its
shape, often referred to as Mexican hat function. Applying DOG on an image can be
thought as application of a bandpass filter, highlighting local maxima in the length scale
of the kernels.
The method we used for thresholding is along the lines of this method of difference
of Gaussians. Instead of the difference, the ratio of two smoothed images is used for
thresholding. With respect to the available image resolution, canaliculi are approxi-
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Figure 4.4: Part of the sample overview of sample FM38 showing many osteons (the big red
structures are the Haversian canals) with colors as in Figure 4.1. The full resolution allows
to easily identify individual lamellae as well as a fair impression of the quality of the staining.
Each white square represents one dataset with a size of 155 ∗ 155µm2. The complete image
displays approximately 3 ∗ 4mm2. The two osteons denoted by o5 and o9 are two osteons that
will be used as “typical” examples in the course of this work.
(a) Raw data
(b) Adaptive vs. low threshold (c) Adaptive vs. high threshold
Figure 4.5: Example of a dataset with an inhomogeneous staining of the network. (a) The pro-
jected maximum of an image stack containing 10 image slices, corresponding to 3µm thickness.
Increasing intensities are color coded from blue to red. Big differences between the network
on the left of the central vessel and the network at the bottom of the image are observed. In
(b) adaptive thresholding is compared to global thresholding using a low global thresholds. In
this image yellow voxels are the same for both methods, light blue voxels are not segmented
by the adaptive method while being included in the global thresholding, red voxels label the
opposite scenario. In the lower part the adaptive thresholding manages to separate canaliculi
that would be indistinguishable with a low global threshold. (c) Adaptive thresholding com-
pared to a global higher threshold with colors used as in (b). In this case, the chosen global
threshold would hardly be able to detect any network on the left side of the vessel.
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mately linear structures which appear in the images with a diameter of 2 to 3 voxels,
where a voxel corresponds to 300 nm. Smoothing the 3D image with a Gaussian kernel
of 1.27 voxels (FWHM 2 voxel) results in a noise reduced image with intensities I1. A
second image was calculated by filtering the original image with a larger Gaussian kernel
of 1.8 voxels. The width of the second kernel was chosen in a way that for the FWHM of
the first Gaussian the intensities are the same. The image calculated as the ratio between
the two images, I1/I2, which was then binarized using a threshold value of 1.05 yields
features in the image attributable to the canaliculi and to the borders of the osteocyte
lacunae with a suitable signal to noise ratio. As lacunae are on a different length scale,
few additional steps following the same line of considerations using different Gaussian
kernel sizes were required to also properly threshold the lacunae.
As lacunae and the haversian canals are much bigger structures in the OLCN com-
pared to the canaliculi, they have been segmented based on the distance of the voxels
to the closest surface. The algorithm used in Kerschnitzki et al. [2013] was improved:
voxels included in the thresholded data that were more than 4 voxels away from the
surface and formed clusters bigger than 200 voxels served as seeds for possible lacunae.
In an iterative process these seeds are then grown by adding layers of voxels (morpho-
logically dilation). To avoid that the segmentation grows into the canaliculi the dilation
was performed within the limits of the thresholded data which was eroded once, and
further more, dilated voxel were only applied if the locally added volume counted more
than 100 voxels.
The next step in the analysis is the conversion of the binarized images into a topo-
logical network structure, a process termed skeletonization. This has been done by
using a customized MATLAB [2013] routine developed in our research group by Philip
Kollmannsberger [Kerschnitzki et al., 2013]. This skeletonization algorithm iteratively
removes surface voxels. If the removal of a surface voxel does not conserve the topology
of the network, e.g. the voxel removal would result on a splitting of a canaliculus into
two, the voxel remains in the image. Based on this image data, where the remaining
voxels representing the mid axis of the canaliculi (also called skeleton) and the segmented
lacunae, a graph (network) structure was created (Figure 4.6). Voxels of the skeleton
with three or more voxel in their nearest neighborhood were defined as nodes, i.e. points
in the network where canaliculi meet, while connections between these nodes are termed
edges. As the result of this process all voxels of the skeletonized image were either as-
signed to be node, edge or lacuna. For further analysis, this data was converted to a
graph structure in a format as provided by the NetworkX library [Hagberg et al., 2008]
in the Python environment.
To allow a better quantification of the orientation of the canalicular network, the skele-
tonized network data, which still consists of discrete voxels, was fitted by third order
smoothing splines [Dierckx, 1982] for each edge in the network. This fitting allows to
calculate orientation (and curvature) for edge segments with a length that is comparable
to the voxel size without having discrete angles (Figure 4.6). Position, orientation and
length of these spline segments were calculated and saved for further analysis.
Quantities characterizing the network topology like the degree of nodes, i.e. the number
of edges meeting at a node, and the clustering coefficient of a node, which describes the
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Figure 4.6: 3D visualization of the skeltonization of a 22 ∗ 15 ∗ 10µm3 subvolume of the
canalicular network. The red surface corresponds to the thresholded data, the skeletonized
canaliculi are drawn by connecting the center of the voxels with a yellow line. To provide
a smooth and accurate representation of a canaliculus, this line was replaced by smoothing
splines (blue). Nodes of the network are drawn as bright balls with the size being proportional
to the degree of the node, i.e. the number of canaliculi meeting in this node. A segmented
lacuna is visualized in purple.
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local connectedness of the network [Bullmore and Sporns, 2009], were obtained using im-
plemented functions of the NetworkX library [Hagberg et al., 2008]. However, a detailed
topological analysis of these data is not part of the thesis.
4.2.3.2 Registration of Bright Lamella Using the SHG Images
To correlate the density of the canalicular network as well as its orientation to the lamellar
tissue arrangement in the osteons, 2D surfaces have been registered in a semi-automatic
way to the intensity maxima of the SHG images. The resulting surfaces represent the
position of center of the bright lamellae. Only regions within the osteon in which lamellae
appear as parallel and did neither split nor end (Figure 4.3) were chosen for the analysis.
While the lamellae in the end are represented in 3D, some processing steps are performed
on the 2D images. The registration of the bright lamellae consists of several substeps:
1. Manual marking (initialization) of the lamellae of selected 2D images.
2. For a more objective description of the position of the lamellae, the maximum of
the SHG signal is fitted as a function of the radius for several azimuthal angles and
for all images in the image stack.
3. For each lamella all the fitted positions are combined to obtain a 3D representation
using a bivariate smoothing spline in cylindrical coordinates.
The first substep has been performed using a customized developed tool based on the
interactive visualization toolkit Chaco [2012]. Using 10 movable markers, each lamella
was initialized (Figure 4.7(a)) on the top and bottom image of the image stack. To
account for the circular structure of the lamella, the ten points were interpolated with
a periodic cubic spline. The position of these initialized lamellae is linearly interpolated
for all images in-between. The developed tool allows to adjust the position of markers in
individual images in case of large deviations between marker position and SHG signal.
Using the same marker tool the outer border of the osteon, i.e. its cement line, as well
as the inner border, i.e. the surface of the Haversian canal, were defined.
Next, each SHG image was transformed into polar coordinates, where the lamellae were
fitted as a function of the radius. For the transformation first the common center of
curvature of the lamellae was calculated using the initialized lamellae. The center of
each lamella was determined as the point that minimizes the standard deviation of the
distance to the section of the initialized lamella∗. The common center of curvature is
than calculated as mean of the centers of the individual lamellae for each 2D image.
The transformation of the SHG images into polar coordinates was performed by binning
the digital image information. A pixel i of the image I with Cartesian coordinates
xi, yi is represented in polar coordinates ri =

x 2i + y 2i and ϕi = tan−1(yi/xi). In polar
coordinates the image was binned using a grid ofM+1 equidistant edges rˆ0, . . . , rˆM with
∗As most osteons were too big to be imaged completely with the used objective, often only arches of
the lamellae were imaged and, therefore, it was not possible to calculate the center straightforward as
center of mass.
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M = 200 for the radial coordinate and N + 1 azimuthal edges ϕˆ, . . . , ϕˆN with N = 60
bins. rˆ0 and rˆM are chosen according to the minimal radius of the innermost lamella and
the maximum of the outermost lamella, respectively. The angular section [ϕˆ0, ϕˆN+1] was
chosen such that the corresponding sector of the osteon is fully included in the image.
The area enclosed by edges rˆm, rˆm+1 and ϕˆn, ϕˆn+1 will be referred to as (m,n)th bin∗.
The intensity of the transformed image Im,n can be calculated as the average intensity
of all pixels belonging to the (m,n)th bin.
For all transformed images in the image stack Io, for all lamellae j and for all azimuthal
angles ϕn a Gaussian peak was then fitted to obtain the radial distance rjno. As lacunae
appear dark in the SHG image and therefore would affect the position of the fitting of
the lamellae, lacunae and their immediate neighborhood were excluded from this fitting
(Figure 4.7(b,c)).
Aligning the common center of curvature of the lamellae of each 2D image along the z-
axis introduces a cylindrical coordinate system that we will later use. To represent the
lamellae in 3D, in a final step a bivariate smoothing spline was fitted for each lamella j
in this cylindrical coordinate system. For the definition of the spline each (successfully)
fitted radial distance rjno of the last substep was weighted by 1/
√
∆r where ∆r is the
uncertainty of the peak position as found by the fit. The smoothing parameter for
the bivariate spline was chosen so that the splines could still follow the ellipticity of the
lamellae. The resulting positions of the registered lamellae were checked by visualizations
of the sample (Figure 4.7).
4.2.3.3 Quantification of the Network Density and its Inhomogeneity
There are different possibilities to quantify the density of the canalicular network. A
method that was used by Kerschnitzki et al. [2013] is to start from each voxel of the
image which is filled with bone and determine the distance to the nearest canaliculus. The
natural quantification of this method is then a frequency distribution, which describes
how many “bone voxels” in the image are found with a given shortest distance to a
canaliculi in the network. This distribution contains information about the density
of the network as well as its homogeneity. In this work a more direct measure of
the canalicular density is used. As the imaged network is reduced to a mathematical
network, where each canaliculus is represented by a mathematical line (Figure 4.6), the
canalicular density ρ = L/V is calculated as the total length L of the canaliculi within
a certain volume V and is therefore measured in µm/µm3. In the evaluation only the
bone volume Vosteon within the osteon was included, i.e. regions outside the cement line
and the Haversian canal were excluded. In addition, lacunae were also excluded from
the analysis of the network density reducing the evaluated network volume by Vlacunae.
The network density of an osteon is, therefore, calculated by dividing the length Losteon
of the canaliculi within the osteon by the bone volume
ρosteon = Losteon/(Vosteon − Vlacunae).
∗Coordinates of an edge Xˆ will in the following always have a hat, to distinguish it from the coordi-
nates of the bin Xm = 1/2

Xˆm + Xˆm+1

.
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Figure 4.7: Determination
of the positions of lamellae.
(a) Screen shot of the
graphical user interface
designed to manually ini-
tialize lamellae of interest.
The orange lines show the
interpolation of the purple
markers used for initial-
ization. (b) A single SHG
image transformed to polar
coordinates. The white
crosses show the position of
the initialized lamella, red
crosses the fitted centers of
Gaussian peaks. The white
lines show the values of the
bivariate smoothing splines.
Transformed lacunae (red)
and their neighborhood
(blue) are excluded. This
way lamellae are not fitted
around lacunae that are
located in bright lamellae
(in the middle of the image
close to the bottom). (c) A
(r, z)-section of the image
transformed into polar
coordinates with colors as
in (b).
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Using a very simple model for the arrangement of canaliculi a relation between a char-
acteristic distance of the bone material to the network and the network density ρ can be
obtained. In case of straight and parallel canaliculi the calculations can be reduced to a
2D problem. The smallest average distance for a given density is obtained when placing
the canaliculi on a triangular lattice, where each canaliculus has a hexagonal unit cell.
These hexagons can be approximated by a circle with 80% of the bone material being
located within 64% of its radius. We define the characteristic distance
dc =
0.64
π
√
ρ
. (4.1)
In case of an inhomogeneous network the distance distribution becomes wider, which
results in larger characteristic distances. The canalicular density in different osteons
ρosteon can be compared to the size of the osteon, i.e. the radius of the cement line, as
well as the volume fraction of the lacunae within the osteon ρVlacunae = Vlacunae/Vosteon∗.
The inhomogeneity of the network can be characterized by dividing each 3D network
dataset into several subvolumes and analyzing the width of the distribution of the density
within those subvolumes (see Figure 4.16 for examples of such frequency distributions).
Binning was done with bins of volume Vs = 400µm3. This value for the subvolume
was chosen since it is small enough to analyze the heterogeneity in the osteon and large
enough to include several canaliculi in most of the subvolumes. The chosen subvolume
is also comparable to the volume of the osteocytes. To account for the geometry of
the osteon the bins were defined in cylindrical coordinates, similar to binning in polar
coordinates (Section 4.2.3.2).
The azimuthal angle ϕ and the depth coordinate z were subdivided equidistantly with
∆ϕˆ = π/72 and ∆zˆ = 8µm, respectively. The radial coordinate had to be subdivided
in a non-equidistant manner to fulfill the constraint of equal volume of all bins (Figure
4.8). This constant volume is demanded as binning corresponds to a low pass filtering
of the data.
As the volume of a bin at distance rm is
Vs =
∆zˆ∆ϕˆ
2

rˆ 2m+1 − rˆ 2m

,
rˆm+1 is obtained as
rˆm+1 =
2 Vs
∆zˆ∆ϕˆ
+ rˆ 2m .
At a radius of 80 µm which is approximately the mean radius of all subvolumes, this
gives approximately cubic subvolumes.
∗Usually the presence of osteocytes in an osteon is quantified by its number density, i.e. the mean
number of osteocytes per volume with the osteon. Since the volume of the image data has a rather
limited thickness due to the opaqueness of bone, many lacunae lie at the border of the image volume
and are, therefore, only partly imaged. The volume fraction is less sensitive to such boundary effects. An
estimation of the osteocyte number density ρNlacunae = ρVlacunae/V¯l can be calculated using the average
volume V¯l of the lacunae that lay completely within the imaged volume.
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∆φˆ rˆm+1
rˆm
Figure 4.8: 2D cross sec-
tion of subvolumes within a
quarter of an osteon with
the Haversian canal at the
bottom left. The subvol-
umes were chosen to have
the same size with equidis-
tant subdivision in ϕ- and
z-direction (z-axis not vi-
sualized) resulting in non-
equal spacing in r-direction.
The aspect ratio of this
sketch are to scale for an os-
teon with a diameter of 260
µm and a 30 µm Haversian
canal. The approximately
square shaped red bin with
an equivalent radius of 80
µm is highlighted and mag-
nified to explain the nomen-
clature. At this average ra-
dius, the shape of the sub-
volume is approximately cu-
bic.
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In analogy to the calculation of the network density in an osteon, the network density
within the subvolume mno, ρmno, is given by the length of the canaliculi within the
subvolume Lmno divided by the volume of the bin Vmno.
Having calculated the density of the subvolumes in a cylindrical coordinate system,
it is straightforward to evaluate the network density as a function of the radial
distance (Figure 4.9). To allow a better comparability between osteons of different sizes,
a normalized radius rn is introduced with rn = 0 at the mean radius of the Haversian
canal, and rn = 1 at the mean radius of the cement line, which marks the outer border
of the osteon. To investigate if there is a functional dependency between rn and the
normalized network density, ρ/ρosteon, a linear regression was performed for each osteon
resulting in a value of the fitted slope m and the offset c,
ρ(rn)
ρosteon
= mrn + c. (4.2)
Additionally the network density can be plotted as a function of the azimuthal angle ϕ
and the depth coordinate within the visualized volume z (Figure 4.17).
0 1rn
φ
z
ϑ
α
ϑ αv
R
L α
ϑ
Figure 4.9: Definition of
the polar coordinates and
orientations in the osteon.
The location of canaliculi
and lacunae are described by
r, ϕ, z. rn is the normal-
ized radius with rn = 0 at
the surface of the Haversian
canal and rn = 1 at the ce-
ment line. The orientation
(Section 4.2.3.4) of lacunae
and canaliculi (i.e. the red
arrow v) is described by two
angles θ and α where θ is the
angle between v and R, i.e.
the direction pointing to the
center (black). α is the an-
gle between the component
vperp that is normal to R
(blue), and the direction of
the blood vessel L (green).
The lower left sketch shows
a magnification of the defini-
tion of the orientations, the
lower right sketch shows the
very same cone as seen look-
ing along the R-direction,
projecting the red vector on
top of the blue vector.
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For a more quantitative understanding of the spatial variations in the different directions,
the autocorrelation function of the density ρ, γd(∆dm) was calculated as a function
of the distance of m bins in one of three cylindrical directions d ∈ {r, ϕ, z}. This
relationship is calculated as average of the autocorrelation function γdj (∆dm) which uses
sets of subvolumes j, which are neighbors in direction d in a sense that the other two
coordinates are kept constant:
γdj (∆dm) =

i ρ˜j(di)ρ˜j(di+m)
i ρ˜
2
i
with ρ˜i = ρi −mean(ρ) is the difference of the density of the subvolumes from the mean
of all evaluated subvolumes in one osteon.
To average these autocorrelation functions γdj of all sets of neighboring subvolumes, they
are scaled in a way that distance is not measured in bins anymore but in µm.
4.2.3.4 Quantification of the Orientation of the Network
Looking at the images of the canalicular network (i.e. Figure 4.1) a predominant orien-
tation roughly towards the center of the osteon can be observed.
The alignment of the canaliculi is evaluated along two slightly different radial directions,
which are motivated by the following two hypotheses:
1. Ignoring the formation process one might assume the canaliculi head straight for
the blood vessel. Consequently, the orientation of the canaliculi with respect to the
vector R1 pointing along the closest connection to the central axis of the Haversian
canal L1 is calculated.
2. Considering that the network is formed at the same time as the bone is formed,
each lamella has been the surface of the new formed bone at a specific time. To
account for this geometry, orientations of canaliculi with respect to the normal of
the lamellae R2 are calculated.
To calculate the orientation of the canaliculi, first an orthonormal coordinate system has
to be defined locally. In the first scenario L1 is considered as given and can be calculated
using the center of the Haversian canal cmH1 in the upper most image slice and the lowest
image slice cmH2 .
L1 =
cmH2 − cmH1
|cmH2 − cmH1 |
The locally defined radial direction, R1(r), is then calculated as the distance vector
r˜ = r− cmH1 between the position r and a point on the mid-axis of the Haversian canal,
i.e. cmH1 , projected perpendicular to L1
R1(r) =
r˜− (r˜ · L1)L1
|˜r− (r˜ · L1)L1| .
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In the case of the second scenario the inward pointing lamella normal is used as lo-
cally defined radial direction, R2(r). Then the orthogonal direction L2 is calculated as
projection of L1 into the plane of the lamella
L2 =
L1 − (L1 ·R2)R2
|L1 − (L1 ·R2)R2| .
Lamella normals are only defined at the position of the lamella therefore R2(r) and L2(r)
are linearly interpolated.
In each of these two coordinate systems, the orientation of a short segment of a canalicu-
lus v is defined by two angles θ and α (Figure 4.9). As the main orientation of the
canaliculi towards the blood vessel seems obvious, a first angle θ = ∠(v,R) is defined as
angle between v (red arrow in Figure 4.9) and the vector R pointing towards the center
of the osteon (black arrow). A second angle α = ∠(vperp,L) describes the orientation of
the component vperp = v − (v · R)R (blue arrow) that is perpendicular to R and the
vector denoting the long axis of the osteon L (green arrow).
In this work, canaliculi with θ < 30◦ will be referred to as radial, while canaliculi with
θ > 60◦ will be referred to as lateral. α = 0, 180◦ if vperp is parallel to the blood vessel
and α = ±90◦ in case vperp points around the blood vessel.
To quantify the orientation in the two different scenarios, for each dataset density distri-
butions of the orientation are calculated and visualized using a stereographic projection.
This is done by binning the orientation of the network using equidistant edges θˆ and ϕˆ
and calculating for all bins m,n the orientation density
∆Lmn/∆Ωmn
m,n Lmn
where ∆Lmn is the integrated length of all canaliculi with that specific orientation,
normalized by the size of the solid angle of that bin
∆Ωmn =
 θˆm+1
θˆm
sin θdθ
 αˆn+1
αˆn
dα.
Similar to pole figures used in crystallography, this orientation density is than visualized
(Figure 4.23) in a polar plot, where the distance to the center corresponds to θ and α is
plotted as azimuthal angle. This corresponds to looking locally in the radial direction R
towards the center of the osteon, determining where a canaliculus would hit a semi-sphere
around this direction and then projecting the semi-sphere to obtain the 2-dimensional
polar plot (lower right sketch in Figure 4.9).
4.2.3.5 Correlation of the Network with Lamellar Structures
To evaluate the network architecture and the position and alignment of lacunae in rela-
tion to the lamellae, a new coordinate q is introduced to replace the radial distance r
in order to describe the local lamellar position. q is chosen such that it has integer values
at the center of the bright lamellae, i.e. the surfaces fitted to the maxima of the SHG
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signal (Section 4.2.3.2). When the such defined coordinates are transformed into Carte-
sian coordinates, osteons appear as perfect cylinders with equidistant lamellae (Figure
4.10(b)).
Having integer values at the position of the bright lamella allows to average all lamellae
by reducing the coordinates to q′ = q − floor(q) ∈ [0, 1). Therefore, q′ = 0 corresponds
to the center of the bright lamella, q′ = 0.5 denotes the center of the dark lamella
(Figure 4.10(c)). For a refined evaluation, this interval [0,1) of q’ values is divided in 10
sublamellae to study the architecture of the network as a function of the position within
the lamella. When comparing the architecture of the network located in dark lamelellae
th the network within the bright lamellae, the 5 sublamellae with q′ ∈ [0, 0.2)[0.7, 1) are
combined to define the bright lamella and the other 5 sublamellae with with q′ ∈ [0.2, 0.7)
define the dark lamella.
Figure 4.10: Using the
maxima of the SHG sig-
nal allows to map lamel-
lae onto a common coor-
dinate system and to in-
vestigate network properties
as a function of the po-
sition within the lamella.
(a) A coordinate system is
used where the position of
the fitted maxima (Section
4.2.3.2) have integer values.
(b) In Cartesian coordinates
this corresponds to bringing
the osteon into a cylindri-
cal shape with equidistant
lamellae. (c) To average
data from several lamellae,
each lamella is divided into
10 sublamellae and mapped
onto a single lamella with a
position coordinate q’ tak-
ing values between 0 and 1.
5 sublamellae are grouped
to define bright and dark
lamellae, respectively.
4.2.3.6 Quantification of Shape and Orientation of Osteocyte Lacunae
As several studies reported correlation between osteocytes and lamellae, not only canali-
culi density and orientations are correlated to the position within the lamella, but the
same is performed with lacunar densities, ρlacunae, the degree of the cells as well as certain
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shape descriptors of the lacunae. To avoid artifacts from boundary effects, only lacunae
which were completely within the imaged volume were considered in the evaluation. For
several shape descriptors [Mader et al., 2013] as well as orientation of the lacunae with
respect to the lamella, the gyration/covariance matrix Smn is calculated for each lacuna,
which is defined as
Smn =
1
N
N
i=1
rimr
i
n, (4.3)
with rim being themth component of the position of voxel i of the lacunae, which includes
N voxels. The origin of the reference coordinate system is defined such that
N
i=1
ri = 0.
Diagonalization of S provides the eigenvalues λ 21 , λ 22 , λ 23 (where by definition λ3 > λ2 >
λ1) as well as the eigenvectors e1, e2, e3, of the lacunae (Figure 4.11). Approximating
the lacuna by an ellipsoid, the total extend of the lacuna along the main axis i is 2
√
5
times λi [McCreadie et al., 2004].
 3
 2 e1
 1
e2
e3
Figure 4.11: Covariance
ellipsoid of a lacuna cal-
culated using Equation 4.3.
The principal axes of this el-
lipsoid are
√
5 times shorter
than of the ellipsoid approx-
imating the lacuna.
Besides lacuna volume and its degree (i.e., number of canaliculi that originate from the
lacuna), for each lacuna the following quantities are calculated and compared for lacunae
residing within either dark or bright lamellae:
Stretch: (λ3 − λ1)/λ3
Oblateness: 2(λ2 − λ1)/(λ3 − λ1)− 1
Angle between e1 and R (corresponds to θ): cos−1(|e1 ·R|)
Angle between e3 and L (corresponds to α): cos−1(|e3 · L|)
4.3 Results
In this section results are presented in a conclusive manner: only example datasets as well
as averaged data is presented. Appendix A includes tables that summarize quantities
from all evaluated osteons. For all osteons several figures were generated and checked
for obvious errors. One type of image that allows for a fair impression of the thresholded
data, including segmentation of lacunae and the borders of the osteon, was obtained by
generating projection images along the z-axis as shown in Figure 4.12 for two osteons,
and which are included for all osteons in Appendix A.
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(a) Homogeneous osteon (o5) (b) Inhomogeneous osteon (o9)
Figure 4.12: Projections along the z-axis of typical datasets after thresholding (for the lo-
cation of the two osteons see Figure 4.4). The thresholded image of the network stained by
rhodamine is visualized in red, detected lacunae in green, regions outside of the osteon are
darkened and regions that appear to have no network on a length scale bigger than 5 µm are
highlighted in blue. The right subfigure shows an osteon that appears less homogeneous with
more empty regions. Generally these empty regions often extend radially as spokes through
the osteon, or form holes close to the outer border of the osteon.
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4.3.1 Density of the Network and its Inhomogeneity
Averaging over all osteons, the mean density was found to be ρ¯ = 0.0709 ± 0.002 µm
µm3
(standard deviation σ(ρ) = 0.013 µm
µm3 )
∗. The network density within an osteon ρ does
not show any significant correlation to the size of the osteon (Figure 4.13, Table 4.2),
i.e. smaller osteons do not have a denser network. Neither does a significant correlation
between the lacunar density and network density exist (Figure 4.14, Table 4.2), which
means that osteons with higher lacunar density do not necessarily also have a higher
network density.
Sample ccsize p-value cclacunae p-value
FM03 -0.06 0.87 0.49 0.17
FM40 0.48 0.13 -0.39 0.23
FM48 0.28 0.38 -0.39 0.20
FM38 -0.09 0.79 0.14 0.65
Table 4.2: Table of corre-
lation coefficients of the net-
work density with the size
of the osteon ccsize and with
the lacunar density cclacunae.
Also shown are the corre-
sponding p-values for all four
samples.
To test if the mean densities of the osteons within the 4 samples differ, an ANOVA
analysis (F-test) was performed. The separation of the densities of the osteons belonging
to the different samples (Figure 4.13, Figure 4.14) was found to be significant with
p < 0.001.
60 80 100 120 140 160 180 200
Osteon Radius [µm]
0.00
0.02
0.04
0.06
0.08
0.10
0.12
C
an
al
ic
ul
ar
D
en
si
ty
ρ
[ µm µm3
]
FM38
FM40
FM48
FM03
1.2
1.4
1.6
1.8
2.0
C
ha
ra
ct
er
is
tic
D
is
ta
nc
e
d
c
[µ
m
]
Figure 4.13: Canalicular
density as a function of the
radius of the osteon of all 4
samples. The error bars rep-
resent mean value and stan-
dard deviation of all osteons
within one sample. The y-
axis on the right side is cal-
culated according to Equa-
tion 4.1.
The distribution of canaliculi within the datasets was studied by plotting the distribu-
tion of distances of bone material to the nearest canaliculus (Figure 4.15). While for
most voxels the nearest canaliculi is within 3 µm, about 6 % of the bone volume have
no network within 5 µm away from the network. The higher network density of samples
Fm38 and Fm40 is reflected by a higher peak of the distance distribution at short dis-
tances. If the regions without network individually extend for more than 130µm3 they
∗If not stated otherwise values after the ± denote standard error, values of the standard deviations
are sometimes additionally provided to quantify the width of the distribution.
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Figure 4.14: Canalicu-
lar density as a function
of the lacunar density with
colors/symbols as in Fig-
ure 4.13. Error bars repre-
sent mean and standard de-
viations of both quantities
within each sample.
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Figure 4.15: Distance
transformation of bone
material to the nearest
canaliculus in osteons of
all 4 investigated samples
with colors as in Figure
4.13. Dashed lines show the
corresponding cumulative
distributions.
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are highlighted blue in Figure 4.12. Several quantities were calculated excluding these
regions without a network, the results are presented in Appendix B.
An alternative way to describe the spatial heterogeneity of the canalicular density is the
distribution of densities within small subvolumes (Figure 4.16) of the 4 samples. The
histograms, mean value and standard deviations are calculated using only subvolumes for
which the calculated volume was > 390µm3 (i.e. excluding subvolumes that contained
cells or were partly outside of the osteon boundaries), therefore the mean value differs
slightly from the mean values in Figure 4.13 and 4.14. The widths of the obtained
distributions are remarkably wide with a value of the standard deviation of 64–77 % of
the mean value. 5–11% of subvolumes do not include any network.
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Figure 4.16: Frequency distribution of the canalicular density within subvolumes of 400 µm3
of all osteons within a sample. The number in the upper left corner refers to the height of the
first bin.
The very same subvolumes were also used to analyze the spatial dependency of the
network densities within cylindrical coordinates. Figure 4.17 compares the evaluations
for the two datasets (i.e., the osteons o5 and o9) introduced in Figure 4.12. Both datasets
show a decreasing canalicular density when increasing the radial distance from the inner
to the outer boundary of the osteon, a trend that is more pronounced in the more
homogeneous osteon. While the fluctuations of the densities in this plot should not be
compared without caution∗, the less homogeneous dataset (o9) shows higher fluctuations
∗The volumes averaged to obtain each data point can be quite different. This influences the standard
error of each point and therefore also the smoothness of the curves.
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compared to the other osteon in the plot of the density as a function of the angle ϕ.
0.0 0.2 0.4 0.6 0.8 1.0
Relative Radius rn
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
”Homogeneous”
”Inhomogeneous”
0 50 100 150 200 250 300 350
Azimutal Angle φ [◦]
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
C
an
al
ic
ul
ar
D
en
si
ty
ρ
[ µm µm3
]
0 5 10 15 20 25 30 35
Relative Depth z [µm]
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
Figure 4.17: Spatial de-
pendencies of the canalicular
densities for the two osteons
of figure 4.12. Black data
corresponds to the more ho-
mogeneous osteon o5. Er-
ror bars in this image cor-
respond to the standard er-
ror. In the subplot on top
the straight lines are the re-
sults of a linear regression.
A plot of the slopes of the canalicular density as a function of the normalized radius
(Equation 4.2) is shown in Figure 4.18. The mean slope for all osteons ism = −0.46±0.5
(standard deviation) which corresponds to a drop from 1.23 to 0.77 of the average density
when moving from the inner to the outer border of the osteon. While the spread of the
fitted slopes is bigger than the mean value, a t-test shows that the mean slope is smaller
than 0 with a p-value of p = 4 · 10−5.
To determine spatial correlations in the canalicular density between neighboring sub-
volumes the autocorrelation function was calculated for each of the three directions in
the cylindrical coordinate system. The autocorrelation function takes values close to
zero for distances around 30 µm (Figure 4.19). Surprisingly the autocorrelation of the
network density in the three directions is not equal. While in the azimuthal ϕ-direction
the autocorrelation function has a value of 0.2 at 18 µm, in the z-direction the same
value is already reached at approximately 12 µm.
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Figure 4.18: Fitted rel-
ative slopes of the network
density as a function of the
radius and the uncertainty
as obtained from the linear
regression. The black line
indicates the mean value of
all slopes for one sample, the
gray band denotes the cor-
responding standard devia-
tion. A relative slope of -1
implies a decrease from 1.5
to 0.5 of the values of the
mean network density when
moving from the inner to the
outer border of the osteon.
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Figure 4.19: Autocorre-
lation function of the net-
work density within subvol-
umes along three directions
in a cylindrical coordinate
system. The dark lines rep-
resent the mean value of the
4 samples, standard devia-
tions within the samples are
highlighted by lighter col-
ors. In all samples, the au-
tocorrelation function drops
to 0.2 within 12–18 µm and
appear to be larger in ϕ-
direction.
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4.3.2 Regions without Network
As seen in Figure 4.16, a considerable fraction of subvolumes had no network at all.
These regions that appear empty were visualized in blue within the projection image
(Figures 4.12, 4.20). Comparing projection images of all datasets (Appendix A) these
empty regions can be classified depending on their appearance.
Many of the osteons show empty regions that appear wedge shaped extending from
the cement line inwards but not always starting at the cement line (Figure 4.12(b)).
Surprisingly, many osteons have an appearance like the one presented in Figure 4.20:
a concentric empty region around the blood vessel. At the concentric ring canaliculi
that originate from lacunae further outside are abruptly interrupted. The mineralized
matrix and the network inside the concentric ring gives the appearance of a separated
entity looking like a “mini osteon”. Out of 43 analyzed osteons, in at least 22 osteons
the majority of the connection of outer canaliculi to the blood vessel appear interrupted,
in 11 of those, inside of this interruption a mini-osteon like structure is found. In case
of two separated structures – a smaller osteon with an osteon – often osteocyte lacunae
can be found that connect the inner and outer part of the network. This is similar to the
connection of the network outside the osteons in the interstitial bone to the networks of
osteons across the cement line.
Figure 4.20: Projection
image of an osteon showing
a concentric region without
network around the Haver-
sian canal (colors as in Fig-
ure 4.12). The appearance
of the network adjacent to
this empty ring resembles
that of the network at a
cement line. The network
outside this empty ring is
connected to the inside via
the lacuna at the bottom of
the inner structure (arrow).
Most part of the outer net-
work is normally stained and
seems, therefore, to be in-
tact, despite the fact that its
radial canaliculi end without
a direct connection to the
blood vessel.
Looking at such datasets, the question arises if the regions without network have already
been present after the original formation of the osteon (Section 2.1.1). After the osteon
with the network was formed, it can be assumed that no additional canaliculi are added to
the network. On the contrary, canaliculi get lost since part of the network mineralize (e.g.,
by a process called micropetrosis, Section 2.2.1). Assuming that the original network is
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denser and more homogeneous and “deteriorates” with time, the variance of the network
density σ2 as a function of the mean canalicular density was plotted (Figure 4.21). The
relation between variance and mean value is in agreement with a linear relationship that
would be obtained for Poisson distributed data. An interesting trend is observed when
plotting the mean network density versus the fitted linear decrease in density with the
radial distance (Figure 4.22). This decrease is more pronounced for osteons with a high
network density. Under the assumption that the network density can only decrease over
time, the conclusion is reached that initially osteons exhibit a stronger radial decrease
of network density, which throughout time is reduced.
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Figure 4.21: The inhomo-
geneity of the network den-
sity as quantified by its vari-
ance as a function of the net-
work density plotted for all
evaluated osteons.
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Figure 4.22: The normal-
ized decay of the network
density as a function of the
radial distance is more pro-
nounced for dense networks.
Assuming that the network
density decreases with time
this indicated that originally
osteons show a more pro-
nounced gradient of the net-
work density when moving
from their inside to their
outside border.
The results of a analysis excluding the regions that are highlighted in blue (Figures 4.12,
4.20) can be found in Appendix B.
4.3.3 Orientation of the Network
Distributions of the orientation of the canaliculi with respect to two reference orientations
– either the center of the Haversian canal or the normal of the lamellae – both exhibit
a high alignment of canaliculi with respect to the radial direction (Figure 4.23). In
82
O
st
eo
n
a
(a) (b)
O
st
eo
n
b
(c) (d)
M
ea
n
of
al
lo
st
eo
ns
(e) Orientation with respect to the center of the
Haversian canal
(f) Orientation with respect to the normal of the
lamellae
Figure 4.23: Orientation of the canaliculi for two different osteons (first and second row), and
the average over all osteons (last row). The two columns represent the orientation of canaliculi
with respect to the center of the Haversian canal (1st column), and with respect to the normal
of the lamellae (second column). The angle θ is plotted radially, α azimuthally (see Figure
4.9 for the definition of the angles). The relative density dL/(LdΩ)(θ, α) is visualized using a
logarithmic color code.
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this Figure, the orientation of canaliculi is shown for two selected osteons and for the
average over all osteons. While for the osteon on top the orientation map seems almost
independent of the choice of the reference orientation (e.g. first row in Figure 4.23), the
orientation distribution of the second osteon plotted below is less centered around the
origin when using the center of the Haversian canal as reference. Also when averaging
all datasets (third row), the orientation distribution shows a broader central peak when
the Haversian canal is used as reference.
The reduced radial alignment for this reference orientation becomes clearer when the
averaged data is integrated over the azimuthal angle (Figure 4.24): due to the reduced
alignment of radial canaliculi the peak at small angles appears broader (see inset). A
second broad peak of a lateral network (θ > 60◦) can be identified in a semi-logarithmic
presentation of the same data (Figure 4.25). Again this peak is more pronounced in case
the lamellae normals are used as reference orientation.
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Figure 4.24: Integration
of the orientation distribu-
tion (Figure 4.23) over the
azimuthal angle α. Two
different representations of
the angle are used: for the
x-axis on the bottom the
solid angle around the refer-
ence direction R is plotted,
while on the non-linear x-
axis on top the correspond-
ing two-dimensional angle θ
is plotted. The inset shows
the distribution of canali-
culi orientation for small θ
demonstrating that the peak
of radial canaliculi is more
pronounced when evaluated
with respect to the lamellae
normals (black) than when
the center of the Haversian
canal is used as reference
(red).
Figure 4.26 shows the distribution of the length of the canaliculi as a function of θ as
well as the corresponding cumulative distribution. 64± 1% of the length of the network
is oriented with an angle of θ < 30◦ (and, therefore, by definition belonging to the radial
network), while 16± 1% of the length is laterally oriented (i.e. θ > 60◦). The preferred
radial orientation is reflected by the fact that 77± 1% of the network has a orientation
angle θ less than 45◦.
Already the plots at the bottom of Figure 4.23 show that there is an increased orientation
of the lateral network (θ > 60◦) for azimuthal angles α around 0◦ and 180◦ (more greenish
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Figure 4.25: Semi-
logarithmic plot of the data
shown in Figure 4.24. In
this representation a sec-
ond, broad peak of lateral
canaliculi around θ = 90◦
can be identified.
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Figure 4.26: Relative net-
work length as a function of
the angle between canalicu-
lus and lamella normal θ.
The green curve shows the
same data as presented in
Figure 4.24 without con-
sideration of the solid an-
gle. The black curve shows
the cumulative distribution.
Dotted lines indicate the val-
ues of θ for the definition of
the radial (θ = 30◦) and the
lateral (θ = 60◦) network as
well as for (θ = 45◦).
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colors) compared to angles α around 90◦ and 270◦ (bluish colors). This observation is
further endorsed when integrating the data radially over the angle θ (Figure 4.27). While
for the radial network there is hardly any dependence on the angle α, the orientation
of the lateral network shows a preferred orientation along the angles 0◦ and 180◦, which
corresponds to the direction parallel to the Haversian canal.
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Figure 4.27: Azimuthal
integration and normaliza-
tion, of all canaliculi, only
radial (θ < 30◦) and only
lateral (θ > 60◦) canaliculi.
A preferred alignment of the
lateral canaliculi with the
long axis (0◦, 180◦) of the os-
teon can be clearly observed.
4.3.4 Correlation of Network and Lamellae
The final evaluation step is now to look at the orientation of the canaliculi with respect
to the lamellar pattern in the osteon. Calculating the canalicular orientation separately
for dark and bright lamellae (for the definition based on the measured SHG signal see
Figure 4.10), it becomes obvious that the orientation dependence of the lateral network
is much more anisotropic in the dark lamellae compared to the bright ones (Figure 4.28).
The main orientation of canaliculi parallel to the blood vessel is the same as the preferred
collagen orientation within the dark lamellae (corresponding to a lower SHG intensity).
This indicates an alignment of the canaliculi and the collagen matrix. The orientation
within the bright lamellae does not show a clearly preferred orientation. For radial
canaliculi a clear anisotropy cannot be identified neither in dark nor in bright lamellae
(Figure 4.29).
A refined evaluation, where the distribution of the azimuthal angle of lateral canaliculi α
is plotted not just for bright and dark lamellae as in Figure 4.28 , but for 10 sublamellae
separately is shown in Figure 4.30. Not only does the amplitude of the curves increase
from the center of the bright to the center of the dark lamellae corresponding to an
stronger alignment of the lateral canaliculi in dark lamellae. When moving from the
center of the bright lamella (denoted in dark blue at 0.0 or in dark red at 1.0) to the
center of the dark lamella (denoted in green at 0.5) the main orientation of the lateral
canaliculi shifts continuously from angles α close to 90◦ and 270◦ to angles around 0◦ and
180◦. These angles mean that in the center of the bright lamellae the lateral canaliculi
are oriented parallel to the image plane, while in the center of the dark lamellae they are
oriented parallel to the Haversian canal.
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Figure 4.28: Azimuthal in-
tegration of the length of lat-
eral canaliculi as shown in
Figure 4.27, but now sep-
arated spatially into con-
tributions from dark and
bright lamellae. Within
dark lamellae the lateral
canaliculi tend to be aligned
with a preferred direction
parallel to the Haversian
canal, while no preferred ori-
entation can be identified for
bright lamellae.
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Figure 4.29: Azimuthal in-
tegration of the length of ra-
dial canaliculi analog to Fig-
ure 4.28. No clear angular
dependence can be observed
for neither bright nor dark
lamellae.
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Figure 4.30: Azimuthal
distribution of lateral canali-
culi at different positions of
the lamellae. The colors rep-
resent the positions within
the lamellae: red and blue
show canaliculi that are clos-
est to the center of bright
lamellae, green in the cen-
ter of the dark lamellae. Not
only can a shift of the peaks
be observed, but the ampli-
tude is also continuously de-
creasing from the center of
the dark towards the center
of the bright lamellae.
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To evaluate this data further, for each sublamella the orientation distribution was fitted
by two Gaussian peaks with an offset of 180◦ to take into consideration the periodicity of
the angle α. The upper plot of Figure 4.31 shows for all sublamellae the position of the
peaks (in black). The change in the preferred orientation of the lateral canaliculi does
not change linearly, but is larger in the bright lamellae compared to the dark ones. In
the same plot the relative amount of lateral network, i.e. the area underneath the curves
of Figure 4.30, is shown in red. An increased density of the lateral network within the
dark lamellae can be seen.
To study if the reduced amplitude of the orientation dependence of Figure 4.30 can be
explained by these two quantities alone, an order parameter was calculated. This was
done by measuring the fraction of the oriented network, i.e. the area under the peaks
above the minimum divided by the total area under the curves. As the value depends on
the lowest value of each curve, the order parameter was calculated both for the measured
data as well as for the fitted peaks (lower plot of Figure 4.31).
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Figure 4.31: Quantifica-
tion of Figure 4.30. The
top graph shows in black
the preferred orientation of
the lateral canaliculi, i.e. the
position of the fitted peaks
shown in Figure 4.30 (error
bars due to uncertainty of
the fit are small). Plotted
in red is the relative den-
sity distribution of the lat-
eral network (error bars de-
note standard error within
all 40 datasets) as the func-
tion of the sublamellae. A
monotonous but non-linear
change in the preferred ori-
entation can be observed as
well as a higher network den-
sity within dark lamellae.
The bottom graph shows
the calculated order param-
eter for fitted, measured as
well as modeled orientations.
The colored bar underneath
visualizes the mean shg in-
tensity of all lamellae for dif-
ferent positions within the
lamellae.
For comparison the order parameter was also calculated for a simple model, which aims
to estimate the reduction in order that arises due to the averaging of network orientation
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over a sublamella of finite width. As the orientation changes less rapidly in the center
of the dark lamellae while the width of the averaged subvolumes does not change, this
could explain why the network there appears more ordered.
To simulate this effect, the peak position of the fitted angle distribution (Figure 4.31)
with the highest degree of order (i.e. the one from the center of the dark lamella) is shifted
along the obtained mean orientation according to the position within the lamella (black
dashed line in Figure 4.31). Then the average of the shifted orientations is calculated for
each sublamellae and the order parameter of this model is calculated, imitating the effect
of having constant order but different slope of orientation change. While the shape of
this modeled order parameter has the same tendency as the measured values, the change
in order that results from the different rate of change is much lower than the measured
change. An artificial decrease in the order parameter comparable to the measured one
can only be observed when instead of averaging one sublamella five sublamellae are
averaged, denoted as model 2 in Figure 4.31. This shows that the observed differences
in the order parameter are not due to inadequate spatial resolution of our method.
Evaluating the lacunae size, shape and orientation with respect to their position in the
lamella gives the following results: similar to the density of the lateral network also the
cell density is slightly increased within the dark lamellae (Figure 4.32). Studying the
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Figure 4.32: Lacunar den-
sity as a function of posi-
tion with lamella. A slightly
higher density was measured
in the center of the lamellae.
orientation of the short axis of the lacunae, it can be seen that it is well aligned with
the normal of the lamellae (Figure 4.33). The long axis of the lacunae is more evenly
distributed (Figure 4.34). Compared to the bright lamellae, some preferred orientation
parallel to the Haversian canal can be seen in dark lamellae (Figure 4.35).
Figure 4.36 shows some lacunar quantities (for their definition see Section 4.2.3.6) cal-
culated for lacunae centered in the dark lamella and in the bright lamella, respectively.
While the difference in shape is hardly significant (for stretch the p-value is 0.03), the dif-
ference in orientation is pronounced for bright and dark lamellae (p value for α: 7.4·10−4).
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Figure 4.33: Orientation
of the short axis of the lacu-
nae with respect to the nor-
mal of the lamellae. The left
plot shows the angle, which
corresponds to α, between
the two directions plotted
for the mean position of all
complete lacunae. α seems
to be independent on the po-
sition of the lamellae. The
histogram on the right side
integrates over all lamellae.
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Figure 4.34: Orientation
of the long axis of the la-
cunae with respect to long
axis of the osteon. To test
the impression if the lacunae
in the center of the lamel-
lae have an angle around
θ = 0◦, 180◦, Histograms as
the one on the right hand
side are calculated for dark
and bright lamellae indepen-
dently (Figure 4.35).
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Figure 4.35: Histogram
of the relative angle between
the long axis of the lacunae
and the blood vessel, sep-
arated for lacunae that are
positioned in the center of
the lamellae (dark/blue) and
those that are within bright
regions (green). Lacunae in
the dark region of a lamellae
are more likely to be parallel
to the blood vessel than la-
cunae in the bright region of
a lamella.
Osteocyte Networks
Size
[
µm3
]230
240
250
260
270
280
Degree
38.5
39.0
39.5
40.0
40.5
41.0
41.5
42.0
42.5
Oblateness
−0.20
−0.18
−0.16
−0.14
−0.12
−0.10
−0.08
−0.06
−0.04
Stretch*
0.750
0.755
0.760
0.765
0.770
0.775
0.780
0.785
0.790
abs(α− 90◦)**
40
42
44
46
48
50
52
54
56
58
Figure 4.36: Compari-
son of lacunar properties for
bright and dark lamellae.
Left data corresponds to la-
cunae in dark lamellae, right
to lacunae with their cen-
ter of mass within the bright
lamellae. Error bars denote
standard errors. The ∗ sign
denotes a p-value of the t-
test below 0.05, ∗∗ denotes
p < 0.001.
4.4 Discussion
In this chapter, the three-dimensional organization of the canalicular network in osteons
was quantified and related to the structure of the osteon. Specifically, the variations
in network density within an osteon, between osteons of the same sample and from
different samples were analyzed, and the preferred orientation of the network relative to
the center of the osteon as well as its relationship to collagen orientation was studied.
The reason why density and orientation, out of the vast amount of possible quantities
to look at, were analyzed is that these quantities are defined locally and are relatively
robust against boundary effects due to a limited size in the imaged volume. Furthermore
these quantities provide a intuitive relation to the functional aspects of the OLCN and
can easily be related to the geometry of the osteon. In the following section, results
will again be summarized and the possible implications as well as limitations will be
discussed.
4.4.1 Density and Inhomogeneity
Most of the results presented in this work are based on densities, i.e. the length of
the network (with a certain orientation) within a unit volume. The mean network
density within all the osteons was ρ¯ = 0.071 ± 0.002µm/µm3 (standard deviation
σ(ρ) = 0.01µm/µm3). The only directly comparable value∗ [Sugawara et al., 2005]
is a density of 0.26±0.02µm/µm3 measured in the calvaria (bone of the skull) of chicken
embryos. This value is much higher than the density obtained from our human samples.
As far as human bone samples are concerned, Marotti et al. [1995a] reported 5.5 ± 1.9
canaliculi per 100µm2 by looking at the canaliculi penetrating the surface of Haversian
canals in a human tibia. This number fits very well to our finding of a density of radially
oriented canaliculi with θ < 45◦ ρθ<45 = (0.055± 0.003) µmµm3 .
We found an average lacunar density ρVlacunae = (0.93 ± 0.05)%, (σ(ρVlacunae) = 0.3%),
which corresponds roughly ρNlacunae = 37000 ± 2000 osteocytes per mm3, assuming a
∗As it comes from the analysis of skeletonized confocal microscopy data.
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mean lacuna volume of ρ¯l = (251 ± 10)µm3 (σ(ρ¯l) = 163µm3) for completely imaged
lacunae. Published values for the osteocyte density vary considerably: Dong et al. [2014]
measured a volume density between 0.68 and 0.83 % and number densities around 21000
per mm3, Hannah et al. [2010] reported values around 70000 per mm3, both numbers
were obtained from samples of comparable locations (midshaft of the femur).
While network densities spread over a broad range within our samples, we could not
find a correlation of the density with neither the size of the osteon nor with the lacunar
density. Since the canaliculi network is thought to be functionally more important for
mechano-sensing than the cell body within the lacuna (Section 2.2.1, [Thompson et al.,
2012]) this shows that care has to be taken whenever lacunar densities are used to learn
about mechano-sensitivity. However, in our data the variations of lacunar densities were
bigger than of network densities. Possible reasons for these variations in the lacunar
density are, firstly, our sample sizes are rather small and, therefore, contain only few
lacunae per dataset. Secondly, thresholding and segmentation of lacunae still has some
potential for optimization (Section 4.4.5).
In a previous work of our group, using the same experimental technique and comparable
evaluation methods, Kerschnitzki et al. [2013] showed that in ovine fibrolamellar bone,
80% of the bone material can be found within 1.4 µm of the nearest canaliculus. In our
human samples the density is lower resulting in a distance in which 80% of the bone
material is contained within 2.5–3 µm. Assuming a homogeneous network with a mean
density given from all four samples, the calculated value is reduced to 1.95–2.12 µm.
Calculating densities for smaller subvolumes allowed us to study variations of the density
within one osteon. The variations of the network density as quantified by the width of the
density distribution (Figure 4.16) were surprisingly high. The width of this distribution
depends on the size of these subvolumes; we chose the subvolumes to be comparable to
the volume of the lacunae, i.e. 400µm3 or approximately 8µm in a linear dimension.
The fact that the autocorrelation for the network density has values larger than zero for
a distance around 20 µm, demonstrates that densities in neighboring subvolumes are not
independent.
4.4.2 Functional Aspects of the Network and How it Changes
During Time
It is not clear how the network inhomogeneity influences mechano-regulation. Part of the
observed inhomogeneity results most likely from a dying network. It has been proposed
that such a reduced network density triggers remodeling [Burr, 1993; Verborgt et al.,
2000]. On the other hand, the adaption of cortical bone to the mechanical loading
suggests that osteocytes do not only initiate resorption but also control the remodeling
process∗.
A part of the observed inhomogeneity of the network can be assigned to a decrease of
the network density with increasing radius. All 4 samples showed a significant
∗As described in Section 2.1.2 different osteon morphologies are located in regions with different
loading conditions, and also the alignment of osteon with the main axis of the strain [van Oers et al.,
2008] is most easily explained by a regulatory process.
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(p < 0.05) decrease of network density in the osteon for increasing distance from its
center. If the main function of the OLCN is to distribute nutrition from the blood vessel
to the cells and to transport waste products the other way, as well as the exchange of
signaling molecules between the vascular system and the osteocytes, a decrease in the
network density with increasing distance from the center is plausible. A higher density
close to the Haversian canal would allow fluxes through the canaliculi to be indepen-
dent of radial distance. The same considerations also hold for a flux of ions to support
mineralization as well as during osteocytic osteolysis. These thoughts also fit to the
alignment of the canaliculi with respect to the center of the osteon. However, the fact
that some of the studied osteons showed a network density that increased as a function
of the radius raises the question how important the radial dependence is for the function
of the network. Another observation suggests that the distance-density relationship as
well as the orientation towards the Haversian canal is not essential for the function of
the network: not only do individual datasets show an inverted relationship, but many
canaliculi aiming towards the blood vessel are actually not connected to it. While in
many osteons canaliculi appear to stop shortly before the Haversian surface, which could
arguably be an imaging artifact, in many cases radial canaliculi are interrupted by re-
gions with no network that form an almost concentric ring around the vessel (Section
4.3.2). The morphology of the network adjacent to this empty ring resembles those of
osteocytes close to the cement lines, indicating that this is not an imaging artifact. Sev-
eral observations indicate that these structures indeed arise from a remodeling process
that can be thought of as creation of a new osteon within an older one. In some of the
imaged osteons the collagen arrangement changed at exactly this position as observed by
an intersection of lamellae under a small angle. Measurement using electron backscatter
microscopy performed by our collaboration partner at LBIO, Vienna [A. Roschger, per-
sonal communication, October 2014], showed in similar samples that these regions had
an increased mineralization, suggesting the existence of a cement line. These observa-
tions also fits recent descriptions of low mineralized small concentric osteons as observed
using computed tomography [Arhatari et al., 2011]. It is quite surprising that about
one quarter of our analyzed osteons had such features. The observation that canaliculi
which are interrupted by these remodeling processes seem to stay unmineralized∗ despite
the fact that mineralization has to be actively suppressed, suggests a different function
for these canaliculi than the transport between osteocytes and blood vessel. One possi-
ble reason to maintain these interrupted canaliculi could be to preserve a high surface
area, beneficial for osteocytic osteolysis. Unmineralized canaliculi additionally provide
porosity for fluid flow in case of loading, which would facilitate mechano-sensing.
In order to learn about the function of the OLCN by describing its structure, one has
to keep in mind that the structures might change during time, and that the network
might fulfill different functions at different times. While we cannot observe the time
development of the OLCN directly, besides the concentric remodeling described earlier,
there is evidence for the assumption that regions without any network are due to a dying
of the network. We observed structures in SHG images (“green canaliculi” e.g. in the
lower left corner in Figure 4.1) which seems to originate from collagen that runs parallel
to (radial) canaliculi that are not accessible and, therefore, not stained by rhodamine. To
∗At least for long enough that several osteons with this feature can be observed.
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study in how far the presented results stay the same if such empty regions are excluded
from analysis, the quantification was repeated with this respect (Appendix B). This
analysis by definition results in a higher network density and reduced inhomogeneity.
The distribution of the density of the subvolumes appear more like a Poisson distribution
with a relative standart deviation of σ/µ = 0.5. Remarkably this value is equal to the
expected value if the network is approximated by randomly distributed one-dimensional
canaliculi. This finding supports that the network density is determined by a stochastic
process with a clustering on a larger length scale.
Thus we assume that osteons with a lower network density corresponds to networks which
are more altered (most likely present on older osteons). Figure 4.22 shows that in osteons
with a higher network density, the relative decrease in density as a function of the radius
is more pronounced. This indicates that when the network was formed, the increasing
network density from the cement line to the blood vessel was clearly present and the
dying of the network reduced this trend. To test this hypothesis, the age of the osteons
could be estimated based on the degree of mineralization which is correlated to the
tissue age and can be measured by quantitative backscattered electron imaging (qBEI)
[Roschger et al., 2008]. Marotti et al. [1995a] listed several reasons why they expected
the decreasing relationship of the network density, discussing how a higher density closer
to the Haversian canal could explain the exponentially decaying bone formation rate
by inhibiting bone formation signals from osteocytes which are in contact to the bone
forming osteoblasts via canaliculi. After the secretion of osteoid, huge amounts of mineral
need to be transported into the newly formed tissue. Transport via the OLCN is more
effective than the diffusion through the partly mineralized extracellular matrix. In a
mature, highly mineralized osteon, this function is not as important anymore. Trying
to compensate for a dying of the network and excluding regions that show no canaliculi
at all, reduces the trend of the decay but the decreasing density is still significant if all
osteons are combined (Appendix B).
Studying the orientation of the canalicular network, we observed not only a strong
alignment of radial canaliculi, but also a second peak in the density as a function of
the angle θ between canaliculi and the center of the osteon (Figure 4.24) at θ = 90◦,
i.e. within the plane of the lamellae. This indicates that there might be an important
function of those canaliculi which we refer to as lateral network. As mentioned before,
radial canaliculi often do not reach the Haversian canal, which seems to be a result of
changes over time. However, the osteocytes remain connected to the Haversian canal as
apparent by the staining. An important function of the lateral network could, therefore,
be that it increases the robustness of the network against local interruptions maintaining
the connectivity of the network.
Besides these functional considerations, it is also possible to ask how the orientation
of the network correlates to the formation process. We interpret the lamellae as
bone surface that was once present when osteoblasts deposited the unmineralized matrix
of the osteon. We saw that the network is more aligned with respect to the normal of
the lamella than it is to the center of the Haversian canal. This fits to the proposed
formation process of the network in which the radial canaliculi try to stay in contact
with the osteoblasts on the surface and therefore appear orthogonal to the lamellae
(Section 2.2.2.1). Lateral canaliculi represent dendrites that followed the surface of the
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bone during the closure of the osteon. Bonewald [2005] suggested that osteocytes can
also form canaliculi within the mineralized bone tissue. While this could explain the
observations of intermediate angles, most likely this process can only provide a minor
contribution to the observed network, and the majority of the canaliculi were built at
the same time as the bone was deposited.
Differences of the directional distributions of lateral network components in bright and
dark lamella demonstrate a close relation between the orientation of canaliculi and the
orientation of the material in which the network is located (Section 4.4.3). The orien-
tation of the cells parallel to the collagen have not only been described for osteocytes
but also for osteoblasts (Section 2.2.2). It is not clear if the osteoblasts were actively
responsible for the alignment of the collagen, or if the extension of the cell including the
cell processes follows the orientation of previously self assembled collagen. In case of
the former, it might be that the lateral network is a remnant of cell processes already
present during the active phase of the osteoblast and was used to arrange the collagen
[Yamamoto et al., 2012]. This also fits to descriptions of Pazzaglia et al. [2010] and the
dendrites shown in Figure 2.10. While these two possibilities can not be differentiated
with our method, it is apparent that how the bone was formed is reflected in the struc-
ture of the network. Our quantification supports descriptions of Kusuzaki et al. [2000];
Ferretti et al. [2006]; Kerschnitzki et al. [2011a] that the structure of the OLCN can be
used to draw conclusions about the collagen structure and the formation process.
4.4.3 Network Properties and Lamellar Features
As we measured the orientation of the lateral network as a function of the position
within the lamellae, an interesting question is how this orientation correlates to the
orientation of the collagen matrix. Even though the orientation of collagen was
not directly measured, and an interpretation of the SHG signal in terms of collagen
orientation is not straightforward (Appendix C), the changes in orientation of the lateral
canaliculi as a function of the position within the lamella can be compared to models
of the collagen arrangement in lamellae. As described in Section 2.1.2 there are two
main explanations for the optical contrast that is then interpreted as lamellae. One
explanation describes dark and bright lamellae as rather two distinct materials with
different composition/structure, while the more accepted explanation uses differences of
collagen orientation to differentiate lamellae.
Our observation of a continuous shift of the main orientation of the lateral network when
passing through a lamella (Figures 4.30 and 4.31) fits very well to this second explanation
that is known as the twisted plywood model, also referred to as fanning lamellae. In this
model the orientation of collagen in the osteon wall can be seen as continuously turning
with all bright and all dark lamellae having a similar orientation. The spatial periodicity
of the orientation angle is given by the angle between the main orientation of the collagen
matrix and the imaged plane (which is often the surface of the sample). In the other
explanation of lamellae, the bone matrix has distinct compositions for the two types
of lamellae. Several of our measured quantities promote such compositional/structural
differences between bright and dark lamellae: We did indeed find increased densities of
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lacunae as well as of the lateral network within dark lamellae. Also the amount of order
of the network showed differences between dark and bright lamellae.
How can we integrate our observations into these apparently contradictory models? Us-
ing reflective SHG imaging to identify lamellae allows us to also study prismatic samples.
Looking at circumferential lamellae in bovine bone from orthogonal perspectives inverts
the contrast of the lamellae∗ (Appendix C) which made us believe that the SHG signal
is mostly orientation dependent, supporting the twisted plywood model.
To answer if the differences in order as observed by the reduced amplitudes of the
curves in Figure 4.30 between bright and dark lamellae can also be explained by a
continuous but nonlinear rotation of the collagen orientation, a model was used to average
orientation within individual sublamellae. The drop in order in this model is much
lower if orientations are averaged only in individual sublamellae. However, a comparable
magnitude was obtained when two neighboring sublamellae in both directions (i.e. half
of the complete lamella) are included in the averaging (light blue line in lower plot of
Figure 4.31).
A possible explanation for an averaging over several sublamellae is the difference between
the real position of the bright lamellae and its position in the imaged plane due to an
inclination of the osteon. A possible error is introduced as the SHG signal depends on
the relative angle between collagen and incident light. As some osteons are tilted with
respect to the image plane, this can shift the position of the maximum signal. The local
tilt of the lamellae with respect to the imaging axis can be measured using the orientation
of L2, i.e. the orientation of the blood vessel projected in to the lamellar plane. To test
whether this tilt changes our conclusions, the analysis of the orientation was repeated
excluding canaliculi where the tilt of the closest lamellae exceeded 15◦ (∠(L,Z) > 15◦)†.
Besides a slightly more pronounced non-linearity of the fanning, the results remained
comparable (Figure 4.37) to the earlier result (Figure 4.31), demonstrating that the tilt
of the lamellae does not strongly influence our results. Alternatively errors in the position
of the lamellae can arise during initialization and the sequential fitting of lamellae. As
described in Section 4.2.3.2 all registered lamellae were checked for obvious errors, to
minimize such an influence. In addition, a stochastic error in the position of the lamellae
would signify that differences in lacunar and lateral network density would be even
higher than the differences reported, which would promote the hypothesis of structural
differences between the two types of lamellae.
As we had to average several hundred lamellae to obtain the orientation of the lateral
network as a function of the position, we cannot rule out that this averaging affects
our conclusions. Possibly the collagen orientation does not behave the same in all the
averaged lamellae besides the fact that we limited our analysis to regular (e.g. lamellae
that do not split or end within the analyzed volume) alternating lamellae. Lamellae
are also known to change direction of twisting/fanning, and in addition unidirectional
lamellae with sudden jumps of the orientation have been reported [Reznikov et al., 2014b].
∗Unfortunately so far we did not successfully image alternating lamellae in a prismatic sample of a
human osteon cut in a way that it would allow us to see if the contrast of alternating lamellae is again
inverted at the edge.
†The angle of 15◦ was chosen for a low signal to noise ratio.
96
−50
0
50
A
ng
le
B
et
w
ee
n
M
ea
n
O
rie
nt
at
io
n
an
d
Lo
ng
A
xi
s
α
[◦
]
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
R
el
at
iv
e
N
et
w
or
k
D
en
si
ty
ρ
(α
)
m
e
a
n
(ρ
(α
))
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
O
rd
er
P
ar
am
et
er
A
O
/A
I
fitted
measured
model
model 2
0.0 0.2 0.4 0.6 0.8 1.0
Position in Lamellae q′
Figure 4.37: Quantifica-
tion of the orientation of the
lateral canalicular network
comparable to Figure 4.31,
but this time the network is
only analyzed if the tilt of
the osteon/lamella was less
than 15◦. The position of
fitted peaks (black dashed
line) shows the same trend
as in Figure 4.31 but with
an even more pronounced
non-linearity in the rotation
of the main orientation of
the lateral network. The
measured order parameter
(green line) did not increase
in the region where the ori-
entation rotates the fastest,
showing that the tilt of the
lamellae with respect to the
imaging axis hardly influ-
ences the observed order.
The modeled order param-
eter, based on this reduced
data did not show significant
differences.
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Besides possible implications of this averaging, published data on collagen orientation in
circumferential lamellae [Reznikov et al., 2014b] supports that changes in the amount of
order appear in the collagen arrangement of fanning lamellae. While in this publication
it has not been explicitly stated, the presented data (Figure 4.38) indicates that the
changes in order have the same periodicity as the rotation in the analyzed lamellae.
Therefore, we assume that if we would extend the imaged volume of individual lamellae
(thereby improving the signal to noise ratio), we would also observed a change in the
order of the lateral network.
Figure 4.38: Collagen orientation and order in circumferential lamellae in human femural
bone. The black data show the mean orientation of collagen (y-axis) within an image slice (x-
axis) obtained by FIB/SEM, the gray values shows a parameter measuring order. Regions that
appeared relatively unordered are highlighted in gray. The red lines were added to show that
the centers of the regions that are more ordered (bright in this plot) are centered around angles
0◦, 180◦, 360◦ supporting our observation that the amount of order has the same periodicity as
the rotation of the orientation. Reprinted from Reznikov et al. [2014b] with permission from
Elsevier.
Therefore our data suggest that:
1. Lateral canaliculi and collagen have comparable properties (orientation, order)
within a sublamella
2. In addition to the rotation of its predominant orientation, there are also structural
differences (density, order parameter) in the studied lamellae that exhibit the same
periodicity as the change of orientation.
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4.4.4 Conclusion
Our results show that the density of the OLCN in human osteonal bone exhibit a high
inhomogeneity, with many regions free of network. These empty regions at least partly
reflect a change of the network with time. We showed that the network density decreases
with the distance to the Haversian canal, and this is even more pronounced for osteons
with a high network density. This made us believe that this functional dependence is
more important during formation of the osteon than later on, where the network might
have a different role than during the formation of the osteon. The organization of the net-
work hints at a strong correlation to the formation process. Using the three-dimensional
images of osteocyte networks we could not only learn about functional aspects of the
osteocytes: by showing that the canaliculi orientation correlates to the collagen orienta-
tion, the applied method can additionally provide information on the tissue organization.
We found support that dark and bright lamellae are structurally different materials.
4.4.5 Problems and Outlook
During the evaluation of the data, variations int intensities due to staining were among
the most challenging technical problems. An adaptive thresholding algorithm has been
developed that improves the image quality considerably compared to the use of a global
threshold. A remaining problem are lacunae that have been observed in some samples
that were inadequately stained (see for example Figure 4.12), sometimes to an extent
that the segmentation of the lacunae did not succeed in identifying them. Besides an un-
derestimation of the lacunar density, this increases uncertainties in the shape descriptors
of the lacunae and their calculated degree, i.e. the number of canaliculi originating from
them. While these quantities were not the focus of this work, an improperly detected
lacunae can also affect the position of the registered lamellae. When lacunae are located
in the bright lamellae, this produces a local minimum in the SHG signal. To avoid arti-
facts during the registration, we excluded the surrounding volumes of segmented lacunae
during the registration of the lamellae. If a lacuna located in the center of a bright
lamella was not detected, there is a local minimum in the SHG signal at this position
and, as a consequence, the lamella will be registered in the maximum on one side of the
lacuna instead of its center. All in all we think that this artifact is negligible even if a
high fraction of the lacunae would not be detected properly: with the osteocyte density
of about 1 %, and the fact that less than half of the lacunae are located within bright
lamellae, the possible influenced volume is negligible.
In this work we tried to deal with the staining problem on the data processing side, this
problem might also be reduced on the experimental side by a better control of staining
times. To avoid a demineralization of the canaliculi and thus alteration of the observed
network, the bone was only stained for 2 days. Performing a dedicated study of the
long term influence of staining would provide information about an optimal exposure
time to the stain. Also, rhodamine dissolved in alcohol can be used, as it is done by our
collaboration partners at the Ludwig Boltzmann Institute of Osteology (LBIO), Vienna,
so that the stained samples can still be used to measure the degree of mineralization.
A big challenge is to image the canalicular network deep within the bone. In
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the human bone samples used in this study, the limit for an appropriate image quality
was about 40 µm. Even limiting the imaging to 40µm a reduced autocorrelation in the
z-direction compared to the ϕ-direction was observed, indicating higher fluctuations in
this direction which could be a result of a depth dependent contrast. A depth of 40µm
is sufficient for the determination of many quantities as described in this thesis, but
a larger imaging depth would be desirable, especially to study the connectivity of the
lateral network as well as to obtain better statistics for the study of the orientation within
individual lamellae. Some test experiments to overcome this limit have been made that
are not described in this work. In a first approach, bone was demineralized after it was
stained and embedded. Trying to remove the organic matrix, in a way that the network
casted in PMMA [Abe et al., 1992] including the fluorochrome remains intact, turned
out to be more complicated than expected. More promising was the second approach in
which a depth of 40 µm was imaged, followed by grinding down 20 µm of the sample and
a subsequent image acquisition. The obtained imaged volumes could then be registered
using the NIPY [2013] library and then stitched together. Due to the limited field of view
of the objective used, and difficulties to image exactly the same volume, first a tile scan
was performed scanning 2x3 tiles in one layer before grinding. Figure 4.1 shows a cropped
cross section of the successfully stitched image tiles obtained in this approach. The serial
imaging and grinding was done 4 times resulting in an imaged depth of roughly 100 µm.
Figure 4.39 shows a longitudinal cut through the successfully stitched image volume
of the same dataset, demonstrating that using this approach, in principle, volumes of
almost arbitrary dimensions can be imaged.
Figure 4.39: Projection of 3 µm of the osteocyte lacuno-canalicular network in an osteon, lon-
gitudinal section of the same dataset as in Figure 4.1. The vertical direction of the image from
top to bottom corresponds to the increasing imaging depth. The opacity of bone necessitates
multiple imaging with a grinding of the surface in-between. Sudden changes of the intensity of
the SHG signal (green) indicate where the imaged volumes were stitched together (white ar-
rows). Registration of the rhodamine images (red) was overall satisfactory with displacements
of canaliculi being typically below 1–2 voxels. The scale bar equals 50 µm.
To further support the observation of structural differences between dark and bright
lamellae, circumferential lamellae could also be measured. This would not only allow
to extend the analyzed volume of the lamella; Using prismatic samples (see Appendix
C) would in addition allow to compare quantities from the very same lamella, measured
from two orthogonal directions corresponding to two surfaces of the sample. Based on
the presented results, we expect both, higher order, and a higher network density within
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the bright lamellae in a longitudinal cross- section.
Most calculated quantities in this work and the preceding work [Kerschnitzki et al., 2013]
focused on the description of the canalicular network, with only little attention on the
relation of the network to the lacunae. Once the staining problems are solved and a
bigger image depth is achieved, it would be interesting to study the connectedness of the
lacunae, in particular the influence of the lateral network on the network topology.
By analyzing 3D images of the OLCN, many different descriptors were calculated, some
showing high variability. Which quantities are useful and provide the most meaningful
information in terms of the function of the network will be better understood once this
method is extended to samples with controlled differences. The samples studied
in this work were chosen to be relatively similar (all human, healthy, similar skeletal
site, age, osteonal bone with lamellar appearance) to establish a kind of reference for
further investigations. Extending this work to different species would allow us to see if
functional relationships to network properties can be observed. As continuation of our
collaboration with the LBIO it is planned to measure the OLCN in human samples of
different age, where the age of the tissue is determine via its degrees of mineralization.
This will allow us to study if and how network properties indeed change with time.
To learn about responses to mechanical loading, a collaboration with the Julius Wolff
Institute (Charite´) was formed. The aim of this study is to analyze the OLCN located
in bone that was formed during a time when loading conditions were controlled: either
physiological loading or additional loading applied by a special device, while the animal
was alive. Additionally animal models for bone diseases will be studied to see changes in
network properties in collaboration with the LBIO. This method can also be applied to
human bone biopsies taken for diagnostic reasons. When comparing the network within
the biopsis to healthy reference data, network and osteocyte quantities might contribute
to a more comprehensive description of the bone pathology. Staining and analyzing such
samples can be done without expected problems.
The developed tools can furthermore be used to quantify 3D images of other network-
like structures. Dentin is a mineralized tissue present in teeth, where cell processes are
housed in tubules, quite comparable to canaliculi. Using the same staining and similar
analysis, the orientation of these tubules in elephant tusks was analyzed. Even though
Haversian canals have different dimensions, the orientation of Haversian canals can be
analyzed using the same method. Using micro-CT scans of bones from different species,
in Atkins et al. [2014] the orientation of blood vessels was used to support the hypothesis
that also bone remodeling takes place in bone that has no osteocytes. Another field
of application is a quantitative analysis of the network-like architecture of trabecular
bone. First attempts to skeletonize microCT scans of trabecular bone to quantify angles
between trabeculae turned out to be very promising.
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Appendix A
Osteon Properties and Results
This appendix aims to summarize properties from all evaluated osteons and re-
port results of which only average values have been described in the main text.
Listed in Tables A.1 and A.2, several calculated quantities are presented using the
standardized nomenclature common in the bone community [Parfitt et al., 1987;
Dempster et al., 2013].
The osteon radius On.R and the radius of the Haversian canal HCa.R were de-
termined based on a manual selection (Section 4.2.3.2). The volume of the evalu-
ated bone eB.V was calculated by counting voxels of the dataset that lie between
Haversian canal and cement line. The canalicular density Ca.Dn = aCa.L/eB.V
is calculated as the ratio of the integrated length of all canaliculli divided by the
evaluated bone volume.
The inhomogeneity of the network density σ(Ca.Dn) was determined using sub-
volumes of 400µm3 (Section 4.2.3.3). Using the orientation of the network with
respect to the normal of the lamellae (Section 4.2.3.4), the fraction of lateral net-
work lCaL/aCa.L was calculated. Furthermore the number of registered lamellae
Lm.N∗ with an average thickness of the lamellae of Lm.∆Rd is listed. The volume
used for the evaluation of lamellar properties e.g. the volume between inner and
outermost registered lamella elB.V is limited by the angular section ∆ϕ that lies
completely within the image.
Using the lacunar volume density Lc.V/eB.V and the volume of an average lacuna
Lc.V = 251µm3 a lacuna number density Lc.N/eB.V was estimated. In the
dataset, cLc.N complete lacunae did not extend beyond the border of the image,
nor did they “touch” the cement line or the Haversian canal, allowing to calculate
properties of the lacunae (Section 4.2.3.6). The mean degree of these complete
lacunae is Lc.deg.
The symbol iCmLn.Rd denotes the radius of a feature that we refer to as in-
ner cement line, i.e. a region concentric around the Haversian canal without any
canaliculi and a small network inside which resembles the morphology of a net-
work close to a cement line (Section 4.3.2). In some datasets canaliculi do not
reach the blood vessel without an apparent clear inner network structure. Such
datasets are marked with an X, while a dash denotes osteons where the network
is well connected to the Haversian canal. Last, the angle between the long axis
of the Haversian canal and the imaging axis is reported as HCa.β. Additionally,
projection images of all datasets in the style of Figure 4.12 are shown in Figures
A.1–A.4.
∗As the evaluated lamellae lie between two registered bright lamella, only Lm.N −1 complete
lamellae are evaluated.
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Figure A.1: Projection images of all datasets of sample FM03, with colors equivalent to
Figure 4.12.
(a) o1 (b) o2 (c) o3
(d) o4 (e) o5 (f) o6
(g) o7 (h) o8 (i) o9
Figure A.2: Projection images of all datasets of sample FM38, with colors equivalent to
Figure 4.12.
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(d) o7 (e) o8 (f) o9
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(j) o13 (k) o14
Figure A.3: Projection images of all datasets of sample FM40, with colors equivalent to
Figure 4.12.
(a) o3 (b) o4 (c) o5
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(g) o10 (h) o11 (i) o12
(j) o13 (k) o14 (l) o15
Figure A.4: Projection images of all datasets of sample FM48, with colors equivalent to
Figure 4.12.

Appendix B
Regions without Network
In this appendix results of network densities and the inhomogeneity found within the
datasets are presented when regions are excluded where no network is within a range of
5 µm and and the region extends over more than 130 µm3. These regions will be referred
to as “empty regions”. All the calculation are performed as described in Section 4.2.3.3.
Figures B.1 and B.2 show that the network densities of the different osteons become
more similar than of the raw data (Figures 4.13 and 4.14)
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Figure B.1: Canalicular
density vs. radius of the os-
teon of all osteons of the
4 samples, excluding bigger
empty regions (see Figure
4.13 for the corresponding
plot including the whole os-
teon). Within each sample,
network density of the indi-
vidual osteons become much
more similiar. Still no cor-
relation can be observed be-
tween the two plotted quan-
tities.
In the frequency distributions of the density (Figure B.3) not only the first bin of the
network density almost vanishes, but also the first few bins become lower, making the
distributions look more like Poisson distributions than the original data.
The inhomogeneity gets reduced to σ(ρ)/µ(ρ) ≈ 0.5 (as seen in Figure B.3, compared
to the value of σ(ρ)/µ(ρ) ≈ 0.7 in case the complete dataset is analyzed (Figure 4.16)).
These values can be compared to the density distribution of a randomly arranged net-
work. Assuming a random network of parallel canaliculi, e.g. unidirectional canaliculi the
subvolume can be reduced to an area. 400 µm3 of bone with a density of ρ = 0.08µm−2
corresponds to µN = 4.3 canaliculi per 54 µm2. If the positions of the canaliculi are as-
sumed to be random, the number of canaliculi per subvolume follows Poisson statistics,
with a relative standard deviation of σ(ρ)/ρ = 1/

(µN) = 0.48. This fits very well for
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Figure B.2: Canalicular
density vs. lacunar density
all osteons, excluding bigger
empty regions (see Figure
4.14 for the corresponding
plot including the whole os-
teon). Within each sample,
network density of the indi-
vidual osteons become much
more similiar. Still no cor-
relation can be observed be-
tween the two plotted quan-
tities.
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Figure B.3: Frequency distribution of the density within subvolumes of 400 µm3 within
the 4 samples. The number in the upper left corner refers to the hight of the first bin. The
histograms, mean value and standard deviations are calculated using only subvolumes for which
the calculated volume was > 390µm3 after excluding bigger empty regions. Compared to the
whole osteons, the mean density is higher, and the distribution appear more symmetric around
the maximum.
Regions without Network
the data which excluded the empty regions. Figure B.3 shows that the distributions of
the density also look more like Poisson distributions. This suggests that the network
is initially randomly distributed, and a clustering on a length scale of the cells further
increases the inhomogeneity. This clustering could already be present in the initial net-
work, due do an inhomogeneous distribution of cells, or arises later due to a local dying
of the network (Section 4.4.2).
Figure B.4 shows the autocorrelation functions along the three axis. They appear to be
a bit more equal than without the exclusion of empty regions (Figure 4.19).
0 10 20 30 40 50 60 70
Distance [µm]
0.0
0.2
0.4
0.6
0.8
1.0
A
ut
oc
or
re
la
tio
n
γ
d
d = r
d = φ
d = z
Figure B.4: Autocorre-
lation of the network den-
sity within subvolumes along
three orthogonal directions
excluding bigger empty re-
gions (see Figure 4.19 for the
corresponding plot including
the whole osteon). The lines
represent the mean value of
the 4 samples, standard de-
viations within the samples
are highlighted. Compared
to the unmasked data, au-
tocorrelations of r- and z-
direction appear more simi-
lar when empty regions are
excluded.
The spatial dependencies of the two osteons appear more similar after removing empty
regions (Figure B.6). While both examples datasets now show densities that decrease
as a function of the radius, the overall slope of the radial dependence is reduced to
mmasked = −0.23±0.4 (standard deviation) compared to the original value of m = −0.46
but is still significant with p = 3·10−4. This means that half of the slope can be accounted
to fluctuations in the network density on a length scale bigger than 5 µm.
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Figure B.5: Fitted slope
of all osteons, excluding big-
ger empty regions (see Fig-
ure 4.18 for the correspond-
ing plot including the whole
osteon). The black lines
spanning each sample indi-
cate the mean value of all
data points, gray denotes
the standard deviation of
slopes within one sample.
The mean slope is below 0
for most osteons.
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Figure B.6: Spatial depen-
dencies of network densities
for the two osteons of Figure
4.12. The two osteons which
appeared to be quite differ-
ent appear more similar af-
ter excluding bigger empty
regions. (compare to Figure
4.17)
Appendix C
Second Harmonic Generation
Second harmonic generation (SHG) is a nonlinear, optical process which produces light
of twice the frequency of the incident light. To correlate the osteocyte network to the
lamellar structure of bone, we used the (SHG) signal generated by collagen to register the
position of the lamellae. Not only is the exact structure of the lamellae unknown (Section
2.1.2), there are several possible origins of the contrast in the images we used: the signal
intensity depends on collagen concentration, amount of order, orientation of the collagen
[Freund et al., 1986], the diameter of the fibrils [LaComb et al., 2008] and the amount of
cross linking of the collagen [Lutz et al., 2012]. Besides a brief introduction of the theory
of SHG the terminology and the experimental setup, this Appendix summarizes some
of experimental efforts which we made in order to understand the origin of the contrast
observed in lamellar bone.
SHG is a process well described in literature [Franken et al., 1961; Sutherland, 2003] and
frequently used for imaging biological materials [Pavone and Campagnola, 2013; Zoumi
et al., 2002]. The dielectric polarization density P that is induced when light interacts
with matter, can be developed as a Taylor series.
P(t) = ε0(χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + . . .)
where χ(n) is the n-th order susceptibility, ε0 is the electric permittivity of vacuum and
E is the electric field. The first nonlinear component
P
(2)
i = ε0χ
(2)
ijkEjEk (C.1)
oscillates with twice the frequency of the incident light, as can easily be seen when the
time dependence of the two electrical field component Ej,k ∝ eiωt are multiplied.
While for many materials χ(2) ≈ 0, for collagen it has non vanishing entries: based
upon macroscopic samples, collagen in dried rat tendon is known to exhibit piezo- and
pyroelectric effects [Fukada and Yasuda, 1957]∗. This macroscopic polarity is related to
the ability of SHG of light [Freund et al., 1986].
∗This can by explained by the helical structure of collagen molecules and therefore an absence of
center of inversion. Such piezo- and pyroelectric effects can only be observed if furthermore order on a
macroscopic length scale is present, as otherwise the effects cancel out.
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Second Harmonic Generation
To achieve significant intensities a high energy density is needed. This is why we used a
pulsed infrared laser for the imaging. Using a confocal microscope, high intensities are
only achieved within the focus of the laser, therefore no pinhole is needed for optical slic-
ing. However the confocal setup we used detects light in reflective (backward) direction
while the second harmonic is typically generated in the forward direction.
The intensity of second harmonic light that is locally generated is not only dependent on
the concentration and order of collagen, but also on the orientation between collagen
and polarization of the ground wave (Equation C.1 is a vectorial equation). If collagen
is parallel to the incident light no second harmonic is generated. While this alone is
sufficient to explain the intensity distribution we observe (Figures 4.1, C.1), related to
the detection in the backward direction, we also have to take other explanations into
account.
In the quantum description of light, SHG can be understood as the creation of a new
photon with twice the energy of the two incident photons. Energy conservation demands
that the generated photon has twice the frequency of the incident photons. Opposed to
fluorescence where photons typically origin from spontaneous emission, SHG is a coherent
process. For an efficient generation of an SHG signal it is important that the generated
light is in phase with the light that is generated at different positions within the sample.
This phase-matching can be interpreted as conservation of the momentum as the wave
vectors have to add up
kSHG = k1 + k2.
Note that this obviously only applies for media which are nondispersive (n(ω1) = n(ω2)).
From technical applications of SHG different approaches are known to fulfill this condi-
tion. If phase matching is achieved the majority of the light is expected propagate in
the forward direction, whereas if a confocal microscope is used, the signal is detected
in backward direction (reflection). LaComb et al. [2008] argues that depending on the
fibril diameter and packing a quasi-phase matching can be achieved and the ratio of
forward to backward generated light may be dependent on these properties.
Besides the option that light is generated in backward direction, it is also possible that
light that is emitted in forward direction is reflected. Indeed, reflective confocal
imaging provides results which are similar to our observations using SHG (Figure C.2),
but has a reduced image quality .
A comparison with other methods is more helpful for interpreting SHG images.
Two dimensional methods like electron microscopy of mineralized (and in some cases
fractured) as well as unmineralized samples have been used in the past to describe
collagen arrangement in bone without providing an universally accepted theory (Section
2.1.2). Raman imaging of the same regions could be used to measure collagen orientation
[Galvis et al., 2013; Schrof et al., 2014]. FIB/SEM can also be used to obtain 3D images
with a resolution high enough to resolve individual fibers but has the disadvantage of
being a time consuming, destructive method [Reznikov et al., 2013, 2014b].
A comparison with SEM and polarized light images demonstrates that the SHG technique
shows indeed what is usually defined as lamellae (Figure C.3). Since the used method
in use is reflective, it allows to measure thick samples and, therefore, to image two
perpendicular bone surfaces in bovine with circumferential lamellae running orthogonal
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(a) Bovine bone
(b) Human bone
Figure C.1: Stitched images of SHG images of prismatic bone samples, e.g. thick samples with
a 90◦ edge imaged from orthogonal directions. The red line indicates the 90◦ edge. (a) Bovine
lamellar circumferential bone: the features of one surface seem inverted on the perpendicular
surface, ranging from a big (dark region in the center of the lower side) to small length scales
(thin lamella in blue circle). This shows that the observed signal has a strong dependence on
the angle of collagen with respect to the imaging plane. In (b) human osteonal bone is shown.
The same effect is less clear compared to (a) since in the sample an alternate lamellar pattern
is not cut perpendicularly. However, the right osteon in (b) shows a weak lamellar pattern in
the lower part, while it is dark in the upper part. This fits to the description of dark osteons
with a collagen orientation oscillating around the long axis of the osteon.
(a) SHG (b) Confocal reflection
Figure C.2: Comparison between the results of (a) SHG imaging and (b) classical confocal
reflective imaging: Classical confocal reflective imaging shows the same general features as
SHG imaging. The dark SHG signal at the Haversian canal and the location of lacunae and
an overall better image quality of the SHG images make this method better suitable for our
analysis.
Figure C.3: Comparison
between different imaging
methods: The SHG image
(green) fits so well with the
SEM image that it com-
pletely hides the lamellae ev-
erywhere but on the left side
of the image where due to
an image artifact no SHG
signal is detected (compare
also Figure 2.4(a)). The sig-
nal from polarized light mi-
croscopy (blue) also super-
imposes well, but is only lim-
ited to a cross. As the
light propagates through the
sample with finite thickness,
lamellae might appear wider
then they are.
Second Harmonic Generation
to both of the planes∗. The contrast of the SHG image is changing from dark to bright
when a lamella is imaged from an orthogonal plane (Figure C.1). This is strong evidence
for the orientation dependence of the signal. However, it does not rule out that order
can also influence the signal and might be the dominant source of contrast in different
samples. A similar image of human osteonal bone is more difficult to get, as the center
of an osteon with a clear lamellar structure needs to be located at the edge of the sample
to obtain orthogonal lamellae at the two surfaces of the sample.
All in all, it seems reasonable that bright regions indicate collagen which is approximately
orthogonal to the Poynting vector of the laser, and more parallel in dark regions. This
fits necessary conditions of SHG, but is also in agreement with an reflected SHG signal
as more surfaces are orthogonal to the incident light.
∗Marotti [1993] referred to such samples as prismatic samples when studying them by SEM.
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